Three-Bladed Propeller Design for the Reduction of General Aviation Radiated Noise Characteristics by Finn, Ronald W.
Theses - Daytona Beach Dissertations and Theses 
5-1998 
Three-Bladed Propeller Design for the Reduction of General 
Aviation Radiated Noise Characteristics 
Ronald W. Finn 
Embry-Riddle Aeronautical University - Daytona Beach 
Follow this and additional works at: https://commons.erau.edu/db-theses 
 Part of the Aerospace Engineering Commons, and the Aviation Commons 
Scholarly Commons Citation 
Finn, Ronald W., "Three-Bladed Propeller Design for the Reduction of General Aviation Radiated Noise 
Characteristics" (1998). Theses - Daytona Beach. 60. 
https://commons.erau.edu/db-theses/60 
This thesis is brought to you for free and open access by Embry-Riddle Aeronautical University – Daytona Beach at 
ERAU Scholarly Commons. It has been accepted for inclusion in the Theses - Daytona Beach collection by an 
authorized administrator of ERAU Scholarly Commons. For more information, please contact commons@erau.edu. 
THREE-BLADED PROPELLER DESIGN 
FOR THE REDUCTION OF GENERAL AVIATION 
RADIATED NOISE CHARACTERISTICS 
by 
Ronald W. Finn 
A Thesis Submitted to the 
Aerospace Engineering Department 
in Partial Fulfillment of the Requirements for the Degree of 
Master of Science in Aerospace Engineering 
Embry-Riddle Aeronautical University 
Daytona Beach, Florida 
May 1998 
UMI Number: EP31812 
INFORMATION TO USERS 
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
® UMI 
UMI Microform EP31812 
Copyright 2011 by ProQuest LLC 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
THREE-BLADED PROPELLER DESIGN FOR THE REDUCTION OF GENERAL 
AVIATION RADIATED NOISE CHARACTERISTICS 
by 
Ronald W. Finn 
This thesis was prepared under the direction of the candidate's thesis committee chair, 
Dr. Howard V. L. Patrick, Department of Aerospace Engineering, and has been approved by 
the members of his thesis committee. It was submitted to the Department of Aerospace 
Engineering and was accepted in partial fulfillment of the requirements for the degree of 
Master of Science in Aerospace Engineering 
»^» v, X W& 
THESIS COMMITTEE: 
Dr. Howard V. L. Patrick 
Chair 
Mr. Charles Eastlake 
Member 
MSAE Graduate Program Chair 
Department Chair, Aerospace Engineering 
ACKNOWLEDGEMENTS 
The author wishes to express special gratitude to the thesis chair, Dr. Howard V. L. 
Patrick, who provided an excellent research opportunity, insightful suggestions and abundant 
encouragement. Thanks are also in order to Mr. Charles Eastlake and Dr. Yechiel Crispin, 
Thesis Committee Members, for their assistance and agreement to be a part of this team, and 
thanks to Chandra K. Stich who was partner to the author in this research. 
The author also wishes to acknowledge the following: The NASA Lewis Research 
Center which provided the funding via a STTR Phase 1 contract (NAS3-27768) with 
Aeronautical Testing Services that made this study possible. The NASA Langley Research 
Center which supplied the ANOPP-PAS computer code that was instrumental to performing 
this study. Jeff Viken of Innovative Aerodynamic Technologies (IAT) who designed the 
Natural Laminar Flow airfoils that were used as part of this research. John Rawls of 
Lockheed-Martin in Hampton, Virginia, who provided a short course in using the ANOPP-
PAS. Dr. Farassat of NASA Langley Research Center who hosted a seminar on 
Aeroacoustics for the author and his research partner and sponsored them for two weeks at 
Langley; this provided insight to much of the background theory that was used to create the 
ANOPP-PAS code. Very special thanks is expressed to Cathy Nguyen of Lockheed-Martin 
for her support and extremely helpful suggestions which made her the key to learning how to 
use the cumbersome ANOPP-PAS code. 
Personal thanks and gratitude go to Yareni Fiocca, Javier Fuentes, Jeroen Dolmans 
and Duane Oleson, who provided a basis for sanity; and to Steven Kunkel, who provided 
insight into the intricacies of MS Word. Last but not least, special thanks to the author's 
family who supported his decision to go to graduate school. 
iii 
ABSTRACT 
Author: Ronald W. Finn 
Title: Three-Bladed Propeller Design for the Reduction of General Aviation 
Radiated Noise Characteristics 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Science in Aerospace Engineering 
Year: May 1998 
The purpose of this study was to design a quiet 3-Bladed propeller for general 
aviation aircraft. A combination of design technique and analytical predictions using the 
NASA Aircraft Noise Prediction Program - Propeller Analysis System (ANOPP-PAS) was 
used to achieve this goal. The propellers were designed for an engine power of 200 hp, a 
rotational speed of 2,400 RPM and a free-stream speed of 160 kts. A straight 76 in. 
diameter 2-bladed propeller was designed as a reference for the 64 in. diameter 3-bladed 
propeller. The ANOPP-PAS computer code was used for predicting the aerodynamic 
performance and radiated noise characteristics for both the 2-bladed and 3-bladed propeller 
designs. Through blade design modifications and the use of conventional, as well as 
specifically designed natural-laminar-flow (NLF) airfoils, 3-bladed propeller designs 
resulted in predicted noise reductions of 3.4 dB in the near-field which corresponds to 
5.1 dBA; and a 3.4 dB (7.0 dBA) in the far-field when compared to the 2-bladed propeller. 
These 3-bladed designs resulted in no appreciable change in aerodynamic performance but 
an estimated 43% weight increase. 
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1.0 Introduction 
An increasing environmental concern in the general and ultra-light aviation 
industries is the noise generated by aircraft propulsion systems. The most significant 
contributor to that concern is propeller noise. With a growing worldwide population and 
an increase in general aviation aircraft, there has been with it, an increase in propeller 
generated noise. Aircraft noise certification regulations have already become more 
restrictive in Europe, and the U.S. is also likely to increase restrictions. Thus, it has 
become a primary goal to try to understand the sources of propeller noise and how they 
can be controlled through design. It is the intent of this research to develop a more quiet 
propeller in terms of far-field and near-field noise, while incurring insignificant penalties 
to propeller efficiency and minimal penalties to weight. 
1.1 Background: 
Aircraft certification regulations require compliance with current noise legislation 
as defined in FAR Part 36 - Appendix F.[l] However, the growing concern with noise 
pollution and pressure from the community are calling for more stringent federal 
regulations. The United States has thousands of small airports and they are becoming 
embroiled in conflicts with the growing residential communities which surround them. 
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The population density in Europe has made this problem felt even more severely, leading 
to the limiting of licensed general aviation pilots. 
There are several ways in which aircraft noise abatement may be approached. 
Passive noise control is one method, in which the noise is allowed to generate. The goal 
of passive noise control is to suppress the noise after it has been generated but before it 
reaches the observer. There are several ways to suppress noise, the most obvious being 
insulation. In the case of a ducted propeller or turbofan, the shroud or duct can be 
insulated. In the case of the propeller, the cabin can be insulated against near-field noise 
propagation, however this insulation can not prevent far-field propagation to the 
surrounding community. Another drawback of passive noise control is that it almost 
always involves weight penalties. Passive noise control can also lead to greater 
complexity of design and thus higher cost and lower serviceability. 
A second form of noise reduction and control is active noise control (ANC). Like 
passive noise control, ANC allows for the noise to be generated. Active noise control 
uses anti-noise to negate unwanted propeller noise. This usually consists of a complex 
microphone and speaker feedback or feed forward loop, which analyzes the noise being 
generated and then generates sound that is 180 degrees out of phase with the original 
noise. This sound wave effectively cancels out the original sound wave. It is not possible 
to eliminate all the noise, but systems are being designed to reduce the first few 
harmonics of blade-passage-frequency (BPF). Generally this method is used for near-
field noise reduction inside the aircraft cabin and the area of noise cancellation is a small 
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zone near the speaker, usually not much larger than the passengers head. A drawback of 
this method is it requires a fairly complex computer algorithm which must be able to 
analyze the noise and generate anti-noise nearly instantaneoulsy, and must be able to 
respond to changes in the noise field very rapidly. This complexity of design added to the 
need for state of the art equipment means that the cost of such a system will be very 
expensive, and the speakers, microphones and electronics needed to run the system all 
add weight to the aircraft resulting in a weight penalty. 
Active noise control can be used in a ducted propeller configuration in a method 
similar to that described for the cabin noise. The advantage of active noise control used 
in ducts for turbofans and ducted propellers, is that it can be used to reduce both near 
field and far field noise through anti-noise generation. Again, the primary concern is 
weight, cost and complexity. 
This leaves us with attacking the noise generation at the root of the problem, that 
is noise reduction by modifying the propeller design. The number of blades on the 
propeller, its thickness, chord lengths, twist, diameter and its operating conditions all 
affect the amount of noise generated by the propeller. There have been various designs 
attempted in order to reduce propeller noise. 
In the mid 1970's, Dingeldein, Hilton, and Conner conducted tests to reduce 
propeller noise in the 0-1 and U-10 high wing aircraft. [2] The research was done 
primarily to reduce detectability for military applications. One modification that was 
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tested increased the blade number from two to six, while reducing the diameter. The 
modification also changed the propeller from fixed pitch to variable pitch. These 
alterations gave a reduction from 78 dB to 69.5 dB in the far-field Overall-Sound-
Pressure-Level (OASPL), at a flyover altitude of 300 feet. This design modification had a 
very minor impact on weight and performance. 
Another propeller design modification tested, altered the blade number from 2 to 
5 and did not alter the propeller diameter. [2] However in this modification, the propeller 
speed was reduced from 2,250 to 1,500 RPM. This modification also had a variable pitch 
and it also incorporated an internal muffler to reduce exhaust noise. This led to 
approximately a 16.5 dB or 16 dBA reduction of OASPL. However, in this 
configuration, while the performance was comparable, there were penalties to weight and 
estimated cost. The net increase in weight was 115 lb and the geared engine required to 
reduce propeller rotational speed increased costs. 
Between 1979 and 1981, Metzger and Klatte performed studies on the Beechcraft 
35-B33 Debonair (single engine), the Beechcraft 76 Duchess (light twin engine) and the 
deHavilland DHC6 Twin Otter (heavy twin turbine engine).[2] Their studies only 
considered propeller modifications and took into account the effects of propeller design 
on performance, weight and cost. Tests showed that for the propeller being used on the 
Debonair, noise was dominated by thickness noise. 
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For the Debonair, they were able to show that use of an elliptical blade tip, 
changing the twist distribution and replacing the RAF-6 airfoils with NACA 16 series, all 
contributed to reducing the amount of noise generated by approximately 7.0 dBA in the 
far-field at flyover of 1,000 feet. Using the more efficient NACA 16 airfoil allowed for 
the reduction of the blade diameter by six inches while maintaining the same performance 
of the existing propeller at take-off and 1,000 ft cruise. [2] 
McCauley Accessory Division designed and received a patent on the QZP (quiet 
zone propeller) three bladed design in 1993.[3] The approach they took was to taper both 
leading and trailing edges of the blade, and the blade is swept back such that the propeller 
tip is behind the longitudinal axis of the blade, i.e., in-plane sweep. The design also 
includes out-of-plane sweep, meaning the blade is swept out of the plane of rotation. 
The maximum chord for the QZP is at 44% from the propeller hub to the blade tip. The 
airfoil sections used throughout the blade are very thin along almost the entire blade. 
This is done to reduce thickness noise. There is no published data on the noise reduction 
effectiveness of this propeller and if there are aerodynamic performance and or weight 
penalties. 
Propeller powered aircraft noise is dominated by: propeller tip speed, propeller 
blade tip thickness, and engine exhaust system characteristics. Thus, the propulsion 
system must be designed with considerable thought given to these parameters, with 
special attention given to take-off noise as well as flyover noise during departure and 
approach. Analysis of current general aviation aircraft estimates that approximately 80 
percent of aircraft noise is directly traceable to the propeller. [4] Therefore, much 
importance is being placed on the optimization of propeller design for acoustic efficiency. 
It has been well established that the most important factor in propeller noise is tip 
speed. Subsonic propeller noise increases at approximately the fifth power of tip speed. 
The tip speed can be reduced in two ways; first, by reducing the propeller's rotational 
speed and second by reducing the propeller's diameter. In order to maintain the same 
aerodynamic performance, it becomes necessary to increase the number of blades. This 
additional blade is going to result in a weight penalty. 
Using modern materials technology and manufacturing processes, propellers can 
be designed and fabricated using relatively thin airfoils resulting in reduced noise due to 
blade thickness. [5] Combining this with in-plane blade sweep, will result in reduction of 
noise due to cancellation of the distributed load noise in the far-field. [6] The new 
manufacturing techniques also allows for more drastic blade angles, which allow for more 
aerodynamic efficiency in the propeller which conversely leads to aeroacoustic efficiency. 
In summary, existing GA aircraft propeller noise can be significantly lowered by 
design alone, while maintaining similar aerodynamic performance characteristics. This 
will be accomplished by new multi-bladed propeller designs with smaller diameters, new 
materials and more efficient airfoil design. 
2.0 Theory 
2.1 Propeller Theory 
The propeller is a device designed to provide thrust for an aircraft, and can be 
thought of as a number of small wings, in that each blade has a normal type airfoil section 
deriving its propulsive forces from the airflow passing over it. The propeller does this at 
the expense of the power generated by the motor to drive or 'propel' the aircraft through 
the fluid medium, as shown in Figure 2.1. The propeller sets a mass of the fluid in 
Figure 2.1. Aircraft Propeller Geometry and Motion. [7] 
motion, in the direction opposite to the direction in which the aircraft is being flown. 
While the propeller is similar to the wing, in that the flow due to forward motion is still 
present, it is more complicated because there is an additional airflow caused by the 
rotation of the blade. 
As the propeller blade rotates and moves forward, it follows a helical path. The 
angle created between the resultant airflow and the plane of rotation is known as the helix 
angle or angle of advance ((|>) as depicted in Figure 2.2, and is easily determined for any 
section if the forward speed and rotational speed are known. [8] Since the rotational 
speed of a section is a function of its distance from the axis of rotation, it can be readily 
seen that the helix angle will change along the blade. This changing helix angle is very 
important to blade design since it is the fundamental reason for the use of twist in 
propeller blades. 
Figure 2.2. Effective and Geometrical Pitch. [9] 
The primary consideration for the forces developed by an airfoil section, is the 
angle of attack of the section. The angle of attack (a) is the angle at which the airfoil is 
inclined to the relative airflow. Once the angle of attack is known, the forces developed 
can be indicated and the total blade angle or pitch angle at any section, will be the sum of 
the angle of attack and the helix angle as shown in Figure 2.3. Since the pitch angle 
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effects the blade loading, it is obvious that this will be an important factor in the design 
process. 
The lift to drag ratio (L/D) of the airfoil section is a function of the angle of 
attack. The thrust to torque force ratio (T/QF) is also a function of angle of attack and 
hence L/D ratio. However, the T/QF ratio is also a function of the helix angle. This 
causes considerable changes in the T/QF ratio along the span of the blade. [10] Thus, the 
Figure 2.3. Velocities and Forces Acting on a Propeller Blade Section.[8] 
pitch angle will effect the design of the blade, and since pitch angle is a function of helix 
angle, the twist becomes an important aspect, in that it controls the pitch angle 
distribution. The ideal condition for high propeller efficiency has the optimum angle of 
attack achieved all along the blade, which is accomplished through the blade twist as 
discussed earlier. The twist distribution controls how the optimum angle of attack varies 
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along the span of the blade. The propeller blade design should produce the maximum 
aerodynamic efficiency possible, while conforming to the required design operating 
conditions. 
Based on the cruise speed and the rotational speed of the design criteria, the 
propeller advance ratio J is given by the relation, 
nD 
(2.1) 
where n is the propeller rotational speed in revolutions per second, D is the propeller 
diameter and V0 is the aircraft free-stream velocity.[11] Figure 2.4 shows the typical 
aerodynamic characteristics for a sample propeller, where CT, the power coefficient Cp 
and efficiency r| are plotted as a function of advance ratio J. The performance parameters 
are defined by the following relationships.[11] 
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Figure 2.4. Typical Propeller Aerodynamic Performance Characteristics. 
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CT =T/pn2D4 (2.2) 
CP =P/pn3D5 (2.3) 
T| =(CT/CP)J (2.4) 
Where T is thrust and P is power. 
Efficiency is defined in equation 2.4 by the ratio of power output to the power 
input multiplied by the advance ratio of the propeller. [10] The power input can be 
thought of as torque, or the power coefficient Cp and the power output is defined by 
thrust, or the thrust coefficient CT,. Since the thrust to torque force ratio is a function of a 
and the helix angle is a function of a, this implies that the helix angle and L/D ratio are 
major factors contributing to the efficiency. That is to say, the efficiency is largely 
dependent on the angle of attack, forward speed, diameter and rotational speed. 
Each engine has a definite rotational speed that provides optimum power. [12] 
Varying the aerodynamic qualities of the propeller blade will lead to varying efficiency. 
The design cruise speed for the reference propeller presented in Chapter 4, is 160 knots at 
2,400 rpm, which is equivalent to an advance ratio of 1.07 for a blade diameter of 76 
inches. Thus, it is important to know what these factors are and understand how they 
affect the propeller's performance in order to design efficient propellers. 
It is understood, that the blade diameter, total blade area, airfoil section and twist 
are the most important factors to consider when designing the propeller. A certain 
combination of diameter and pitch, will give the aircraft its maximum speed. Similarly, 
other combinations of pitch and diameter will give the conditions for the best rate of 
climb, the best take-off and climb angle or the best cruising speed. Since take-off and 
climb are considered to be equally important as cruising speeds and maximum speeds, a 
compromise is looked for in a so called general purpose propeller. [12] When an aircraft 
with a fixed pitch propeller is sitting on the runway, its advance ratio is zero and increases 
as the aircraft begins to move. It is important that CT is sufficiently high at low J to 
assure good take-off performance. This condition tends to be the least efficient phase of 
flight for constant pitch propellers. A propeller designed to be general purpose, must 
have good performance characteristics during take-off, climb and cruise conditions. 
The diameter of the propeller can be limited by ground clearance, structure 
interference or interference with another propeller or its slipstream. The diameter is also 
limited by the forward speed, altitude and rotational speed. [10] The blade number is 
generally affected by considerations of efficiency. The fewer blades there are on the 
propeller, the weight is more likely to be lower and thus the propeller is likely to be more 
efficient. However, the weight will depend on the material used and thus it may be 
possible to design and build multi-bladed propellers in the present that are lighter than the 
existing 2-bladed forged aluminum propellers. Two bladed propellers are the most 
common configuration, but three or more blades are often used when the diameter is 
limited to a size unsuitable for a two-bladed propeller or if there is unsymmetrical 
airflow. Unsymmetrical airflow occurs when one blade is at its highest angle of attack 
and load as the other blade is at its lowest, this causes vibrations. [12] 
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Other factors affecting the efficiency of a propellers design are: the blade width, 
thickness ratio, the blade section or airfoil, and the plan form. The most common airfoil 
sections used in propeller design are the RAF 6 and Clark Y which are shown in Figure 
2.5, and the NACA 16 series. In more recent years supercritical airfoil sections have also 
been used. It is also advisable to use laminar flow airfoil sections to minimize the losses 
in efficiency due to compressibility. Compressibility is one of the factors that affect 
instability and the transition from laminar to turbulent flow. Turbulent flow over the 
propeller surface can reduce the propeller's aerodynamic efficiency and thus its 
aeroacoustic efficiency. Laminar flow airfoils are designed to produce a smooth static 
pressure distribution across the chord under the required design operating conditions. 
Figure 2.5. Clark-Y and RAF-6 Airfoil Shapes.[9] 
2.2 Propeller Noise Theory 
Propeller noise is characterized by tones which occur at blade passing frequency 
and its harmonics. Blade passing frequency (BPF) is the frequency at which a blade 
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passes a certain fixed point in the propeller's plane of rotation. BPF is a function of blade 
number and rotational speed of the propeller, i.e BPF = Bn where B is the number of 
blades. There are two distinct types of propeller noise: discrete tones and broadband 
noise as shown in Figure 2.6. 
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Figure 2.6. Typical Propeller Noise Spectra. [13] 
Discrete tones or rotational noise is caused by the periodic disturbance of the air 
by the rotating propeller blade. The source of this noise is the steady forces of thrust and 
torque which act on the blades. Each element of the propeller blade has a pressure 
distribution due to its motion through the air. This distribution can be resolved into thrust 
and torque forces. The pressure field is steady relative to the blade and rotates with it. 
Observing from a fixed point in the propeller disk, the rotating field becomes an 
oscillating pressure. The frequency of the oscillation is the frequency at which the blades 
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pass the fixed point. The chordwise distribution of pressure on the blade determines the 
wave form. [14] 
In the 1930's, Gutin became the first to recognize the dipole character and the 
directional properties of propeller noise as shown in Figure 2.7, and developed the first 
successful theory of propeller noise. Gutin made the assumption that the blade width was 
very small and the excitation was therefore an impulse function. This assumption allows 
that the amplitude of the harmonics is constant and a relation for thrust and torque can be 
determined. [15] 
Propeller 
Flow Direction 
Axis of Rotation 
Figure 2.7. Polar Plot of Intensity. [4] 
Knowing the forces, the velocity potential produced by a concentrated force and 
the geometry to the observer, the following equation can be derived for the total velocity 
potential: 
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 = ^ 2 1 . ff j ^ I C O s 8 + -^sinosineL(SIn8cose-mfl9)dRde ( 2 5 ) 
The sound pressure is given by: 
P r a B = J ^ - r{-^cos5 + - ^ - ^ l j m B ( i t R s i n 8 ) ^ (2.6) 
PraB
 2npcr0 * 1 dR QR2 dRj mBV 
This equation gives the RMS value of pressure in the far-field at a distance r0 and 
azimuth angle 5 for the nth harmonic of BPF for a single propeller. [13] Where m is the 
order of the harmonic, B is the number of blades, Q is the angular velocity of rotation, c 
is the speed of sound, R is the radius of the element considered, dT/dR is the thrust 
gradient along the radius, dQ/dR is the torque distribution, k is the wave number of the 
mth harmonic and J ^ is a Bessel Function of the first kind. 
The noise caused by the thickness of the blade is the other component of 
rotational noise. An element of air will be physically displaced by the rotating propeller. 
A finite volume of air is displaced by the rotating propeller, and it may be represented as 
a simple monopole source, the strength determined by the component of displacement 
velocity normal to the propeller plane. While thickness noise is generally found to be 
small compared to thrust and torque noise, at the high tip speeds typical of GA propellers 
thickness noise becomes a significant contributor. An expression for the far-field 
pressure due to thickness is: 
PmB = fj^T J h b ] - B (*Rsin£)dR (2.7) 
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In the above equation, p is air density, co is the rotational speed, k is a correction factor for 
finite solidity and t is thickness and b is the chord length at radius R. 
The second type of noise is broadband or vortex noise. Unlike the rotational 
noise, broadband noise is the effect of random, fluctuating disturbances which may be 
initiated at the propeller. The sources of broadband noise include the turbulent regions in 
the blade wake. Vortex shedding produces fluctuating forces that interact with the 
trailing edge of the propeller blade. Broadband noise is generally significantly less than 
discrete noise and can be neglected. However, if any portion of the propeller blade is 
stalled, broadband noise can become a significant contributor to the sound spectrum. [13] 
Gutin developed this theory on a static propeller, Watkins and Garrick removed 
this restriction by studying the acoustic field of a concentrated force in uniform rectilinear 
motion. [13] The observer was assumed to be the frame fixed reference. Lighthill 
developed what is known as the acoustic analogy in 1952. [16] Lighthill said acoustic 
pressure should satisfy the wave equation well outside the jet flow, but that a different 
equation is needed inside the flow. By assuming he knew what the flow field was, he 
replaced the problem of acoustics and turbulence with fictitious sources. In the acoustic 
analogy, you have no motion of fluid, it is assumed to be an ideal quiescent medium. [17] 
In 1969 J.E. Ffowcs Williams and D.L. Hawkings generalized Lightill's results to 
a blade surface in motion, with quadrupoles around the surface and thickness and loading 
sources on the surface itself. They were still working with a quiescent medium and the 
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results of their work is the Ffowcs Williams - Hawkings equation (FW-H). [13] The key 
to applying the FW-H equation to propeller noise, is neglecting the second order source 
term that depends on Lighthill's stress tensor. This results in a usable equation that is 
valid and can be solved using Green's functions for unbounded space.[13] 
The FW-H equation is based on the conservation of momentum and mass. 
Williams and Hawkings came up with the original derivation, and Farassat introduced the 
embedding process. [18] The result gives an equation that is useful for computational 
aeroacoustics and generates theoretical values that compare reasonably well with 
experimental data. The FW-H equation considers a body whose surface is described by 
the equation f(x,t) = 0 where the x-frame is fixed to the undisturbed medium and t is the 
time. The equation of the surface f = 0 is defined such that f > 0 outside the body and 
f < 0 inside the body. The general Ffowcs-Williams Hawkings equation to determine 
acoustic pressure for a surface is:[18] 
^-V^-^-i^^m-i p>is{/) d
2T 
+ ]— (2.8) 
Where p is the acoustic pressure, p0 and c are the density and speed of sound of the 
undisturbed medium, respectively, vn is the local normal velocity of the blade surface, 
6(f) is the dirac delta function and D2 denotes the wave operator. V2 is the Laplacian 
operator and |V/| is the gradient of the function defining the blade surface. The 
compressive stress tensor is represented by the PtJ term and is the force acting on the fluid 
due to surface pressure distribution and viscous stress on the surface of the body. The 
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source terms of the right hand side of the equation are known as the thickness, loading 
and quadrupole terms respectively. 
The stress tensor term Ty is a quadrupole noise source that represents noise due to 
turbulence. This broadband turbulent noise source is generally much lower then the 
discrete noise and can be neglected. The neglection of the quadrupole terms gives: [18] 
n
2p = j-{p0vn\W\S{f)}~[pnl\Vf\S{f)] (2.9) 
Using equation 2.9, a more simplified, integral representation of the FW-H equation was 
developed by F. Farassat and was designated Formulation 1 A. When given the body 
geometry, motion and surface loading, this formulation becomes a solution to the FW-H 
equation and acoustic problems. The NASA program ANOPP-PAS, which will be used 
to predict propeller noise, uses this Formulation 1 A. 
Formulation 1A is valid for arbitrary blade motion and geometry. The sources lie 
on the actual body surface and can include loading from any mechanisms that act on the 
blade surface. Near-field and far-field terms are 1/r2 and 1/r terms respectively. The 
observer is fixed to the undisturbed medium. [19] To derive the Formulation 1A, the 
equation needs to be converted from a Cartesian ground-fixed frame of reference to a 
blade-fixed frame. The formal solution to the wave equation is used to give the integral 
representation of the FW-H equation. After quite a few more conversions and 
transformations, the final result of Formulation 1A is given by: [20] 
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(2.11) 
p'(x,t) = p^(x,t) + p^(x,t) (2.12) 
Equation 2.10 denotes the loading noise, equation 2.11 denotes the thickness noise and 
2.12 denotes the total noise neglecting quadrupole terms. 
2.3 Propeller Design and Noise Considerations 
Several design procedures are outlined by various authors to design a propeller. 
These procedures amount to using the parameters discussed in the previous sections in 
the form of the actual equations derived by propeller theory. The following is a brief 
overview of a propeller design method outlined by McCormick, the process is 
iterative. [8] 
The procedure essentially consists of choosing a blade number and either 
choosing or calculating a blade diameter. Figure 2.8 shows a typical blade design layout 
with airfoil cross-sections and the blade twist at those sections. It is important to know 
the thrust required, the power available and brake horsepower. The spanwise locations 
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are calculated as are the tip velocity (VT), the resultant flow angle (<|)), resultant velocity 
(Vr), the resultant flow angle at the tip (fa) and the Prandtl tip loss factor (F). Then a 
value is assumed for the impact velocity (wj and the induced angle of attack (a,) is 
calculated. 
Figure 2.8. Typical Propeller Blade Layout. [11] 
At this point a family of airfoils is chosen and a distribution of C/ (coefficient of 
lift) is assumed, along the propeller's radius. The corresponding angles of attack are 
found from the lift-angle of attack curve. Typical airfoil families for propeller design 
were mentioned earlier. After this is done, the tangential and axial components of the 
induced velocity (WT & WA) as shown in Figure 2.9, are calculated, which leads to the 
ratio of the effective resultant velocity (VE) to the tip velocity(Vr). It is then possible to 
calculate the propeller solidity (a) distribution and the chord distribution (c). Solidity is 
defined as the ratio of the propeller area to the disk area, a = Bc/7iR. The disk would be 
the area swept out in one rotation of the blade. 
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Figure 2.9. Geometry and Velocities in Propeller Slipstream. [8] 
To finish the process, the drag, thrust and power coefficients are calculated which 
leads to the calculation of the thrust and power. These are compared to the required 
thrust and power. If they are less than the required values for thrust and power, then a new 
value of impact velocity is chosen and the steps from that point on are repeated until the 
required values are reached. 
The noise generated by propellers, similar to the performance, is related to the 
geometric and aerodynamic design of the blades. The tip speed, thrust, torque, blade 
number and thickness distribution as well as the operating parameters all affect the noise 
production. It is also affected by the environment encountered by the blade. Improving 
aerodynamic conditions in the propeller should contribute to noise reduction. The 
Trailing vortices lie along 
this helical surface 
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techniques for reducing blade noise depend on several important factors including tip 
Mach number range and configuration. For propellers, the tip Mach number range is 
generally subsonic. The techniques of noise reduction are often a strong combination of 
aerodynamic and aeroacoustic methods. 
Noise reduction can be accomplished by changing or reducing the source 
characteristics, or by preventing the sound from reaching the observer after its generation. 
In order to reduce the noise generated by a propeller at the source, it is necessary to 
identify those sources and recognize them in terms of design modification. The previous 
section discussed the sources of propeller noise, thus they will only be briefly touched 
upon here. There are two types of propeller noise, tonal or discrete noise and broadband 
noise. Tonal noise is primarily generated by steady aerodynamic blade loading and 
thickness distribution. Inflow distortion, inflow turbulence and stall are also 
characteristic of discrete tones. Broadband noise is random in nature and is the noise that 
is more difficult to identify and reduce. Sources of broadband noise include turbulent 
boundary layer interaction with the trailing edge, vortex shedding, stall and ingested 
turbulence. 
The noise signature of any propeller or rotor contains discrete frequencies at blade 
passage frequencies (BPF) and harmonics of BPF, it also contains random noise at a wide 
range of frequencies. Although both types of noise are noticeable, it is generally the tonal 
noise of BPF that are of primary importance in reducing perceived noise. This noise can 
be broken down into blade loading noise created by torque and thrust; and blade 
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thickness noise generated by volume displacement. In both cases, the far-field noise can 
be predicted with knowledge of the load distribution along the span and chord. 
Since the blade loading noise is a function of blade number, torque, thrust, tip 
speed, pressure distribution and, therefore load distribution, the following techniques can 
be incorporated in the design stage to reduce noise. Decreasing the tip speed, increasing 
the number of blades and sweeping the blade are all ways in which the noise generation 
can be reduced in the design stage. 
Propeller broadband or random noise, is both 'self-generated' and inflow induced 
noise. In terms of self-generated noise there is vortex shedding, turbulent boundary layer 
interaction with the trailing edge and stall-generated load fluctuations.[21] These 
mechanisms produce load fluctuations which either affect a large portion of the blade 
such as stall or they are distributed along the edges as in the case of turbulent boundary 
layer/ trailing edge interaction. Intense narrowband noise is created by vortex shedding, 
when the Reynolds number is low. 
More recent developments in broadband noise reduction methods include 
reducing the velocity component normal to the trailing edge by sweeping the trailing edge 
relative to the direction of the flow. [22] Since the velocity component normal to the edge 
is relevant to vortex noise, a blade with a swept trailing edge will have a reduced vortex 
noise output. High blade loading can cause flow separation along part or all of the 
span. [22] This stall of the flow can be induced by improper pitch distribution or by 
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distorted inflow. Stall causes high levels of broadband noise and also increased levels of 
tone noise at BPF and its higher harmonics. In rotating stall, there is an increase in noise 
at frequencies below BPF. 
The airfoil can also be modified by properly located leading edge serrations or by 
porous trailing edges. Work has been done by Hersh and Hayden which demonstrates the 
elimination of vortex tones, using leading edge serrations. [23] Recent work involving 
porous trailing edges has also demonstrated reduction in broadband noise due to vortex 
shedding. [23] 
2.4 Objectives: 
The current noise problems and the more stringent regulations that are inevitable, 
make quiet propeller design both necessary and desirable. The objective was to 
demonstrate the applicability of using the UNIX version of the NASA developed Aircraft 
Noise Prediction Program-Propeller Analysis System (ANOPP-PAS) to aid in the design 
of quiet GA propellers. ANOPP-PAS is an excellent tool to drastically reduce the amount 
of time required to predict propeller aerodynamic performance characteristics as well as 
the near and far-field radiated noise characteristics, however it was created as a prediction 
tool only, and not a design tool. Thus, existing propeller theory and aeroacoustic theory 
were used in combination with the ANOPP-PAS program to predict noise, as a basis for 
design. 
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Propeller tip shape, airfoil section shape and blade twist distribution all 
constituted parts of this investigation. These characteristics were examined to design a 
blade with optimum aerodynamic performance and low noise characteristics with 
minimal weight penalty. A two-bladed reference propeller was then designed, of the 
same diameter and rotational speed (typically 2,400 RPM) as a typical propeller but 
incorporated the new propeller blade design. This new propeller design was analyzed 
using the ANOPP-PAS program. 
A multi-bladed propeller was also to be designed with a diameter one foot less 
than the reference propeller. This propeller was to be designed with the same, or very 
similar, aerodynamic performance characteristics as the reference propeller. The noise 
characteristics between the two would be compared and the weight penalty estimated. 
The results of this investigation were to yield a new quiet GA 3-bladed propeller 
design that would significantly reduce the far-field radiated noise with minimal 
aerodynamic and weight penalties. Included will be the predicted near-field noise, far-
field frequency spectrum noise and aerodynamic characteristics as well as the weight. 
The effects of unsteady blade loading due to nonuniform inflow were also examined. 
The research was done as part of a joint effort with Aircraft Technology Services 
(ATS) through a STTR contract with NASA. ATS concentrated on the construction of 
the blade and examined different manufacturing processes to make the blade. Jeff Viken 
of Innovative Aerodynamic Technologies (IAT) provided the NLF airfoil designs. [24] 
3.0 Analytical Technique 
3.1 ANOPP-PAS 
A primary component in the design process will be the use of NASA's Aircraft 
Noise Prediction Program - Propeller Analysis System (ANOPP-PAS). One of the 
advantages of this program is, it allows for the prediction of noise emissions for a 
propeller design without actually building and testing the design. Once satisfactory 
results are obtained for the propeller design through ANOPP-PAS, scale models can be 
built and tested in an anechoic wind tunnel. 
ANOPP-PAS is a set of programs that are used to predict the aerodynamics, 
performance and noise of propellers. ANOPP-PAS has the ability to predict wind tunnel 
and flyover noise with a limited amount of input data. [25] To use this program, the user 
must have knowledge of the propeller's blade geometry, its operating state, the location of 
the observer with respect to the source and the atmospheric conditions. The SUN 
operating system version of ANOPP-PAS is being used on SUN Sparc work stations. 
ANOPP-PAS utilizes five prediction procedures which incorporate the 
aforementioned specifications and properties. The procedures being Blade Geometry, 
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Performance, Noise, Flight Path and Propagation. These procedures create and verify the 
existence of all input data required by the functional modules and execute the modules. 
The ANOPP-PAS program requires that certain information is known about the 
propeller's geometry and operating conditions. To execute the ANOPP program, the user 
creates an input file that is essentially a batch file. This input file contains data as well as 
commands that allow it to perform calculations (EVALUATE), set parameter values 
(PARAM), Boolean operators and the EXECUTE command which will run the 
individual modules after all the parameters and data have been read. [26] 
The user runs the ANOPP program by entering the command: runanopp.sun, at 
the prompt on their SUN terminal. This command executes a script, which runs the input 
file and the input file in turn, executes the individual modules which establish the 
propeller geometry (after performing a Joukowski transformation), establishes the 
operating conditions, determines the flight path, calculates the performance and 
eventually calculates the propeller noise characteristics and its propagation 
The user is required to enter airfoil coordinates for a minimum of three spanwise 
stations (eleven stations were used for all blades in this paper). In addition to this, for 
each station, the percent span must be entered to define the location of the station, the 
leading edge abscissa and ordinate of the airfoil at each station, in real space normalized 
with respect to the blade radius. The chord length is entered, normalized with respect to 
the radius, the leading edge radius normalized with respect to the chord, the blade angle at 
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the given location and the number of upper and lower surface points that will be defined 
on each airfoil. 
Once the geometry is defined, the propeller rotational speed is defined, the 
number of blades, and the blade radius. In addition to this, some parameters such as 
dynamic viscosity and air density are defined as well as defining how many harmonics are 
desired in the noise data near-field output. A table is also defined with a range of Mach 
numbers and angles of attack. It is from this table, that results will be interpolated by the 
program to determine the lift, drag, skin friction and other quantities for each blade 
station, that will be used to predict the acoustic properties of the blade. 
The program can also be set up to run just the blade performance or both the 
performance and noise prediction. The program was run for the blades performance as 
the advance ratio increased. This allowed for the graphing of the propellers aerodynamic 
characteristics (power and thrust coefficients as a function of advance ratio). This was 
done by setting up a loop in the performance job, which allowed the quantities to be 
computed for increasing advance ratios. After the aerodynamic characteristics were 
determined, a new job was set up to run just the performance at cruise conditions, and the 
noise prediction procedures. The noise predictions were run for the first 20 harmonics in 
the near-field. It was also done as a function of polar directivity angle so that a polar 
directivity curve could be presented. In the far-field, the noise was predicted for a steady 
level flyover at 1000 feet, given two ground observation points. 
30 
There are many other parameters that can be changed in the ANOPP-PAS input 
job, but the ones previously discussed are the most applicable for designing general 
aviation propellers. The other parameters all have default values of standard conditions, 
or refer to different prediction methods. An example would be a parameter named FLAT. 
If FLAT is true, then a flat plate model is used to predict skin friction coefficients, drag 
coefficients and boundary layer thickness. If FLAT is false then a full laminar and 
turbulent flow model is used. The default value is false. Other parameters include print 
and output flags, correction factors and weighting options. Since the ANOPP-PAS input 
file is rather large and contains much information that does not necessarily need to 
change, it is best to use an existing file and modify to your design requirements. 
Appendix A documents the theory used by ANOPP-PAS and Appendix B shows a 
complete listing of the input code used for the 2-bladed reference propeller. 
3.2 Aircraft Noise Certification Requirements: 
In 1969 the first type-certification for aircraft noise was prescribed by the U.S. 
Federal Aviation Administration (FAR 36).[27] It has been changed over the years due to 
advance in noise control technology, the significance of community noise and advances in 
noise measurement. It now requires feasible use of aircraft noise control technology, set 
standards for acquisition of noise levels and provides a method of predicting noise impact 
on airport neighborhood communities. 
The Effective Perceived Noise Level (EPNL) is the principal descriptor of FAR 
36 standards, and is measured in decibel units identified as EPNLdb. Calculation of 
31 
EPNL is performed by determining the sound levels in the 24 1/3-octave bands with 
center frequencies from 50 Hz to 10 kHz. Measurements are usually made during a 
standard take-off profile as defined by FAR Regulations. The position and angle 
parameters are functions of the aircraft weight and performance, atmospheric conditions 
and wind velocity. The aircraft position is recorded the entire interval during which 
measured aircraft noise level is within 10 dB of the maximum tone corrected perceived 
noise level PNLTM. [27] 
For small propeller driven aircraft, this approach is slightly modified, in that 
rather than take-off, noise is recorded during six level flights at 1000 (+/- 30) ft altitude 
over the recording station. Flyovers are done with the aircraft in cruise configuration at 
the highest power in the normal operating range. A performance correction is added 
algebraically to the measured value. 
Cperf= 60 - 20 lg[(l 1,430 - D5o)Rc/VY + 50] (3.1) 
where Cperf is the performance correction, limited to 5 dBA, D50 is the take-off distance 
(ft) to within 50 ft at maximum certified weight, RQ is the certified best rate of climb 
(ft/min) and Vy is the speed for the best rate of climb (ft/min).[27] 
FAR 36 (FAA, 1985a) limits A-weighted sound for recently designed small 
propeller aircraft to 68 dBA for aircraft weight < 1320 lb. This rate increases at a rate of 
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1 dBA/ 165 lb for weights above 1320 lb, but does not exceed 80 dBA for weights 
between 3,300 lb and 12500 lb inclusive.[27] These FAR regulations will be used as a 
basis for comparison of the ANOPP-PAS prediction, for the various designs presented in 
this paper. 
4.0 Preliminary Design and Analysis 
In order to design a three-bladed quiet propeller, first a 2-bladed reference 
propeller was designed for comparison. Since diameter, cruise speed and rotational speed 
are known, it is necessary only to determine blade chord distribution, blade twist 
distribution, airfoil selection and lift coefficient. It is desirable to have smooth trailing 
edge stall characteristics and a smooth pressure distribution. It is also desirable that the 
design lift-coefficient is well within the unstalled region of the C/ vs a curve, to keep the 
blade from stalling completely at lower advance ratios. 
4.1 Reference 2-Bladed Propeller Design: 
To begin the 2-bladed reference propeller design, first a series of airfoils was 
chosen, based on trailing edge stall characteristics, angle of zero lift and maximum lift 
coefficient. The Clark-Y, NACA 16 and 66 series airfoils were studied, but after 
experiments with the performance modules of ANOPP, the NACA 44 series was chosen 
as the series for the 2-bladed reference propeller. The 44XX series of airfoils was chosen 
because they exhibited better lift versus angle of attack characteristics as well as smoother 
trailing edge stall characteristics. The NACA 4406 airfoil is used at the tip of the 
propeller and the airfoil thickness increases as r/R decreases until at r/R of 0.2, where the 
NACA 4418 is used. 
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For a fixed pitch propeller there are three desirable characteristics required in 
selecting a blade shape. They are; large maximum sectional lift coefficient (C\max), good 
trailing edge stall characteristics and smooth pressure distribution. The propeller advance 
ratio J defined by Equation 2.1 is repeated here, 
J = V0/nD (4.1) 
where Vo is the free-stream speed, n is the propeller rotational speed in rev/sec and D is 
the propeller diameter. [11] At zero advance ratio, i.e. when Vo is zero, the propeller is in 
a highly stalled condition. This requires the airfoil shape to have a large Cimax to achieve 
large thrust levels and significant Q at angles of attack (a) larger than where Cimax occurs. 
This is very important during aircraft take-off. These stall characteristics are indicative of 
trailing edge stall. The NACA 44XX series of airfoils exhibit these desirable 
characteristics as can be observed in viewing Figure 4.1 where experimentally obtained Q 
is plotted as a function of a for a NACA 4412 airfoil. [28] 
For example, at a J of zero and r/R of 0.5, the reference blade has an a of 24.8°, 
review of Figure 4.1, reveals a Q of 1.25. This airfoil series also exhibits smooth 
pressure distributions at small a which results in a smooth distribution of radiated noise 
tones at blade-passing-frequency (BPF) and harmonics.[29] 
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Figure 4.1. Sectional Lift Coefficient Q Versus Angle of Attack a for NACA 4412. 
Shown in Table 4.1 is the distribution of airfoil sections for the propeller as a 
function of radial position r/R where r is the radial position measured from the center of 
rotation and R is the blade tip radius which is taken to be 38 inches. Thus, the reference 
propeller is a two bladed propeller with a tip diameter of 76 inches. The other design 
criteria are a free-stream speed of 160 kts and a propeller rotational speed of 2,400 rpm, 
resulting in a design advance ratio J of 1.07. Originally the design called for a rotational 
speed of 2,700 rpm, but based on early results, that requirement was altered and will be 
discussed in detail later in this chapter. Also shown in this table are the blade chord c, 
blade angle p and sectional lift coefficient Q as a function of r/R. Inspection of this table 
shows that the NACA 4406 airfoil is used at the tip and the airfoil thickness increases as 
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r/R decreases until the NACA 4418 airfoil is used at a r/R of 0.2. It is assumed that the 
spinner radius will be located at r/R of 0.2. The blade tip possesses an elliptical shape 
starting at r/R of 0.8, i.e. the outer 7.6 in. of the blade tip. 
Table 4.1. Blade, Helix and Attack Angles, Chord and Lift Coefficient as a 
Function of Radial Position r/R at a Design Advance Ratio of 1.07. 
NACA 
AIRFOIL 
4418 
4415 
4415 
4412 
4412 
4412 
4412 
4412 
4409 
4409 
4409 
4406 
4406 
4406 
r/R 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
0.975 
0.995 
1.00 
r 
fiiO 
7.60 
11.40 
15.20 
19.00 
22.80 
26.60 
28.50 
30.40 
32.30 
34.20 
36.10 
37.05 
37.81 
38.00 
4> 
(dee) 
59.48 
48.51 
40.30 
34.16 
29.48 
25.86 
24.34 
22.98 
21.76 
20.65 
19.65 
19.19 
18.83 
18.74 
Otj 
(deo) 
1.07 
1.04 
0.90 
0.83 
0.79 
0.76 
0.64 
0.53 
0.32 
0.22 
0.11 
0.00 
0.00 
0.00 
4>e 
(dee) 
60.55 
49.55 
41.20 
34.99 
30.27 
26.62 
24.98 
23.51 
22.08 
20.87 
19.76 
19.19 
18.83 
18.74 
P 
(dee) 
65.03 
53.05 
44.70 
38.49 
33.77 
30.12 
27.98 
26.01 
23.58 
21.87 
20.26 
19.19 
18.83 
18.74 
a 
(de& 
4.00 
3.50 
3.50 
3.50 
3.50 
3.50 
3.00 
2.50 
1.50 
1.00 
0.50 
0.00 
0.00 
0.00 
c 
Hn.^ 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.31 
5.72 
4.55 
3.59 
2.41 
1.98 
C/ 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.70 
0.65 
0.58 
0.45 
0.42 
0.40 
0.40 
0.40 
The table also shows, the blade helix angle <(), the induced angle of attack otl5 the 
effective helix angle <j)e, the angle of attack a and the lift-coefficient c/.. Where the blade 
angle is:[8] 
P = 4>e + a (4.2) 
and 
4>e = 4> + a, (4.3) 
With the airfoil section known for each location, the desired angle of attack was 
determined from the design lift-coefficient at each section. Based on the free-stream 
speed and the propeller rotational speed, the helix angle § can be found for each section 
by the relation: 
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(j^tanXVo/Vt) (4.4) 
Where V0 is the free-stream speed and Vt is the tangential component of the rotational 
speed. [8] 
An iterative process is used to determine the blade angle P, based on assuming an 
initial value for p is the sum of the angle of attack and the helix angle. With this value of 
p, an initial value for induced angle of attack is determined and hence the effective helix 
inflow angle is known. The induced angle of attack is determined from the following: 
OCi =—< x
 8x 2 V T + 
[k , <r-a-VRy 
\x + 8.x2.VTj 2-x2-VT (fi-4) 
I 
2 (4.5) 
Where X is the advance ratio in rad"1, a is the blade solidity, a is the lift curve slope in 
rad'1, VT is the tangential component of the velocity and VR is the resultant velocity in 
ft/s.[8] 
Once the effective helix angle tye is known, a new value for the blade angle p can 
be determined. This procedure was repeated until the new blade angle being calculated in 
each iteration was no longer changing significantly (i.e. - within a hundredth of a degree). 
The final results for the reference blade are shown in Table 4.1 and the blade angle 
distribution, i.e. p is plotted as a function of r/R in Figure 4.2, for the reference propeller. 
Presented in Figure 4.3 is a top-view sketch of the 2-bladed planform shape of the 
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reference propeller, Blade 6.5-44s, as well as the leading edge view. The maximum 
chord of the blade is 6.5 inches and the 44 indicates the 44 series airfoil is being used. 
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Figure 4.2. Beta Versus r/R for the Reference Propeller. 
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Figure 4.3. Sketch of 2-bladed Reference Propeller. 
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Because of interest in determining any weight penalty associated with quiet GA 
aircraft propellers, the propeller volume is determined for all propeller designs reported. 
This volume is based upon a right circular cylinder located from r/R of 0.2 to r/R of 0.1 
which is where the 6 in. diameter, 3.25 in. thick hub starts. This hub has a 2.25 in. 
diameter hole at the centerline and 6 mounting holes of 0.5 in. diameter equally spaced on 
a 4.5 in. bolt circle diameter. Based upon these criteria, the volume for the 2-bladed 
reference propeller is 296.2 in3 which is equivalent to approximately 30 lb for the 
propeller fabricated from solid forged aluminum. This weight compares to 35 lb for the 
solid aluminum Sensenich propeller of 74 in. diameter used for the Piper Cherokee 165. 
4.2 Aerodynamic Performance of the 2-Bladed Propeller Using NACA airfoils. 
Shown in Figure 4.4 are the propeller aerodynamic performance characteristics 
where the thrust coefficient CT, power coefficient Cp, and efficiency r\ are plotted as a 
function of advance ratio J. The CT, Cp, and r| parameters are given by the following 
relationships as discussed in Chapter 2. 
CT = T/pn2D4 (4.6) 
CP = P/pn3D5 (4.7) 
ii = (CT/CP)J (4.8) 
This design is based on a free-stream speed of 160 kts, blade tip diameter of 76 
inches, and propeller rotational speed of 2,400 rpm, which results in a design advance 
ratio of 1.07. Inspection of this figure reveals that at the design J of 1.07, CT is 0.0447, 
Cp is 0.00542, and r| is 87.9%. These aerodynamic performance coefficients, at standard 
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sea-level conditions, result in a thrust of 259.6 lb and power of 145.0 hp which gives a 
thrust to power ratio (T/P) of 1.79 lb/hp. Because of the tables calculated in the ANOPP-
PAS programming format, aerodynamic performance parameters less than a J of 0.55 
may not accurate because of limited flow separation prediction capabilities, but at least 
give a general view of performance. Because of the airfoils used in the design, CT should 
not be less than 0.07 at zero advance ratio assuring good take-off performance. The 
predicted power of 145.0 hp actually constitutes the required power for level flight which 
is based on approximately 70% of the assumed available power of about 200 hp. This 
excess power is required for climbing and maneuvering. 
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Figure 4.4. Aerodynamic Performance Characteristics for Reference Propeller. 
In comparing the predicted reference propeller aerodynamic performance 
parameters with published propeller data, it is readily clear that the design is very 
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adequate for GA aircraft. [11,30,31] This reference propeller will function as well or 
better, than presently manufactured GA aircraft propellers. 
4.3 Radiated Noise Characteristics of the 2-Bladed Reference Propeller 
Shown in Figure 4.5 is the far-field unweighted over-all-sound-pressure-level 
(OASPL) in decibels, with respect to 20 jiPa, predicted at ground level with the aircraft 
flying overhead in level flight at an altitude of 1,000 ft, for the reference propeller. This 
noise prediction is with the microphone placed 1.2 meters above the ground, at the origin 
of the reference frame. The maximum predicted unweighted OASPL of 76.9 dB shown 
in this curve is equivalent to an A-weighted level of 65.9 dBA. As expected, the 
maximum OASPL occurs shortly after the aircraft has passed the nearest point of 
approach because of the directivity characteristics of the radiated noise of propellers. It is 
well known that the maximum radiated propeller noise occurs slightly behind the 
propeller plane of rotation. [4] 
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Figure 4.5. Far-field Radiated Noise at 1,000 ft. Altitude (OASPL vs. time) for the 
Reference Propeller. 
Presented in Figure 4.6 is the predicted unweighted near-field OASPL plotted as a 
function of directivity angle. The directivity angle is measured from directly in front of 
the propeller in a vertical plane, i.e. directly ahead is zero degrees, in the plane of 
propeller rotation is 90° and directly behind is 180° as shown in Figure 4.7. All near-field 
noise predictions reported in this paper are located in a vertical plane at a distance of 5R 
(five propeller tip radii) of the propeller center of rotation. A distance of 5R is 15.8 ft 
which is equivalent to 1.13 of a wave length at standard sea-level conditions and a blade-
passage-frequency (BPF) of 80 Hz. Inspection of this curve indicates that the maximum 
near-field OASPL of 111.2 dB occurs at a directivity angle of 105°. At this position, the 
maximum A-weighted OASPL is 101.7 dBA. 
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Figure 4.6. Near-Field OASPL re: 20 |uPa as a Function of Directivity Angle. 
Figure 4.7. Sketch of Directivity Angle y. 
Shown in Figure 4.8 is the near-field sound-pressure-level (SPL) plotted as a 
function of harmonic number for the same prediction as presented in Figure 4.6, at a 
directivity angle of 105°. This figure constitutes the frequency spectrum where the 
harmonic number indicates the integer times BPF, e.g. a harmonic number of three 
constitutes the tone at three times BPF of 80 Hz or 240 Hz. Inspection of this curve 
reveals essentially a monotonic decrease in the magnitude of the tones with the maximum 
occurring at BPF which is indicative of a smooth blade pressure distribution. [32] 
Figure 4.8. SPL Frequency Spectrum of the Near-field Noise in Terms of 
Harmonic Number for the Reference Propeller. 
Presented in Table 4.2 are the contributions of the thickness noise and the loading 
noise, both of which are listed as a function of harmonic number and tonal frequency, for 
the same near-field case as presented in Figure 4.8. This table shows that the loading 
noise dominates thickness noise at BPF and 2BPF, are essentially equal at 3BPF and at 
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tones of 4BPF and greater, that thickness noise dominates. This information indicates 
that the unweighted OASPL is dominated by blade loading noise, but that the A-weighted 
OASPL is dominated by thickness noise. This phenomenon occurs because the A-
weighting function greatly attenuates the low frequency tones, e.g. at BPF the actual SPL 
is reduced by 22.5 dB. The reason that the sum of the loading and thickness noise are 
less than might be expected is because of the phase difference between the two 
components. A complete set of near-field and far-field noise data for the 2-bladed 
reference propeller can be found in Appendix C. 
Table 4.2. Near-field Thickness and Loading Noise Components as a Function of 
Harmonic Number at Directivity Angle 105° for the Reference Propeller. 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(HZ) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
99.28 
100.14 
98.59 
96.20 
93.39 
90.32 
87.10 
83.77 
80.36 
76.90 
73.38 
69.83 
66.24 
62.63 
58.99 
55.32 
51.64 
47.93 
44.21 
40.46 
LOADING 
NOISE 
(dB) 
109.68 
103.91 
98.43 
93.47 
89.02 
85.01 
81.31 
77.81 
74.41 
71.06 
67.74 
64.41 
61.07 
57.73 
54.36 
50.98 
47.59 
44.18 
40.75 
37.30 
OVERALL 
NOISE 
(dB) 
109.54 
104.18 
99.39 
95.10 
91.09 
87.21 
83.38 
79.56 
75.72 
71.86 
67.98 
64.07 
60.12 
56.14 
52.11 
48.05 
43.94 
39.80 
35.60 
31.34 
| OASPL = 111.15 dB | 
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4.4 Effects of Tip Shape on Radiated Noise Characteristics 
The elliptical tip shape used in the reference propeller is based upon a study where 
the reference propeller tip shape is varied and the radiated noise predicted and the results 
compared. For the cases studied, the nominal thrust is 260 lb and the nominal power is 
145 hp, all within a couple of percent of each other. For the elliptical tip, the ellipse is 
faired into the blade such that maximum thickness is located where the blade chord is 
6.5 in. and 7.6 in. from the blade tip. The blade chord is zero at the tip for the elliptical 
tip. In a similar manner, a parabolic tip is analyzed. The third case is a circular tip where 
the radius is half the chord of 6.5 in. with the blade chord being zero at the tip. The 
fourth case is a square tip where the 6.5 in. blade chord remains the same all of the way to 
the blade tip. 
Shown in Table 4.3 is the maximum unweighted and A-weighted OASPL for 
flyover at 1,000 ft in level flight, i.e. far-field, and the near-field at 105° directivity angle, 
for the different blade tip shapes considered in this investigation. This blade tip 
evaluation is with the 2-bladed, 76 in. diameter propeller rotating at 2,400 rpm in a free-
stream flow field of 160 kts. Inspection of this table shows that the near-field unweighted 
OASPL for all tip configurations are 111 dB with minor variations, but for the A-
weighted far-field OASPL, the square and circular tip are 97.5 dBA and the OASPL for 
the parabolic and elliptical tips are respectively 1.5 dBA and 0.7 dBA less. 
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Table 4.3. Unweighted and A-weighted OASPL for Maximum Flyover Levels 
and Near-field Levels at 105° Directivity Angle for Different Blade Tip Shapes. 
Max. OASPL 
Near-Field, dB 
Far-Field, dB 
Far-Field, dBA 
Square 
111.1 
84.5 
74.3 
Circular 
111.1 
84.5 
73.9 
Parabolic 
110.6 
83.5 
69.9 
Elliptical 
110.9 
84.0 
73.5 
Table 4.3 also shows that the unweighted far-field OASPL for the square and 
circular tips are 84.5 dB and the OASPL for the parabolic and elliptical tips are 
respectively 1.0 dB and 0.5 dB less. For the A-weighted far-field OASPL, the square tip 
is the noisiest at 74.3 dBA and the levels for the elliptical, circular and parabolic tips are 
respectively 0.8 dBA, 0.4 dBA, and 4.4 dBA less. 
The difference between the unweighted and A-weighted OASPL is due to the 
differences in thickness noise and loading noise frequency distribution as previously 
discussed. In three of the four noise categories, the parabolic tip resulted in the lowest 
noise levels and the elliptical tip resulted in the second quietest configuration. Due to 
these noise characteristics, the final selection of the tip shape is narrowed down to the 
parabolic and elliptical tip shapes. The parabolic blade is eliminated from consideration 
due to its transition characteristics i.e. the intersection of the parabolic tip distribution and 
the constant blade chord results in a sharp corner on the blade. This corner will inherently 
cause problems in manufacturing and creates problems due to stress concentrations. In 
summary, the elliptical tip shape is chosen to be the best configuration based upon noise 
and manufacturing considerations. 
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4.5 Aerodynamic Performance Characteristics of the Reference Propeller Rotating 
at 2,700 rpm 
When rotating the reference propeller at 2,700 rpm instead of 2,400 rpm, the 
propeller advance ratio decreases from 1.07 to 0.95 while maintaining a free-stream speed 
of 160 kts. Referring to Figure 4.4, the curves indicate that the new advance ratio will 
result in aerodynamic performance characteristics where Cp is 0.075, CT is 0.0679 and an 
efficiency of 87.0%. These quantities at standard sea level conditions, result in a thrust of 
394 lb and power of 200 hp, which gives a thrust to power ratio of 1.96 lb/hp. 
4.6 Noise Characteristics of the Reference Propeller Rotating at 2,700 rpm 
Rotating a 76 in. diameter propeller at 2,700 rpm while generating lift at the tip 
will always result in shock waves being formed which, of course, generates a 
considerable amount of noise. The airfoils near the tip for the reference propeller are 
designed to have a sectional lift coefficient of 0.40, as can be seen by reviewing Table 
4.1, while rotating at 2,400 rpm. At these conditions, a study of the pressure distribution 
reveals that the peak flow velocity near the tip is 0.92M and, therefore, no shock waves 
will form on the blade tip. 
Shown in Figure 4.9 is the flyover OASPL radiated noise characteristics of the 
reference propeller rotating at 2,400 rpm and 2,700 rpm. Inspection of these curves 
indicate that at 2,700 rpm, the OASPL is higher than at 2,400 rpm by approximately 6 dB 
during approach and 9.5 dB greater at the peak level as well as during the departure. 
Actually, the noise is 3 dB to 10 dB greater than predicted because the ANOPP-PAS 
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program predicts the noise associated with the shock wave interaction with the blade but 
not the direct radiation from the shock nor the shock oscillation.[29,32] 
, , , 9e_ 
• • 
• • 
. * • • • HP 60 • 
30-
20-
10-
i 1 1 e -
. * • * * 
HRefProp, 2400 rpm 
• RefProp, 2700 rpm 
1 1 
Time (sec) 
Figure 4.9. Flyover OASPL Far-field Radiated Noise Characteristics of the 
Reference Propeller Rotating at 2,400 rpm, and 2,700 rpm. 
Presented in Figure 4.10 is the predicted frequency distribution of the near-field 
SPL for the reference propeller rotating at 2,400 rpm and 2,700 rpm, both at a directivity 
angle of 105°. It is important to note that BPF at 2,400 rpm is 80 Hz and at 2,700 rpm 
BPF is 90Hz, hereafter referred to as BPFi0 and BPFhi respectively. Review of this figure 
reveals that at the first tone, BPFhi is approximately 8 dB greater than BPFi0 and the 
decibel difference steadily increases to the highest harmonic tone at 20BPFhi (1,600 Hz) 
which is approximately 34 dB greater than 20BPFio (1,800 Hz). For the data shown in 
Figure 4.10, the unweighted OASPL is 111.2 dB at 2,400 rpm and is 9.6 dB greater at 
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2,700 rpm, while the A-weighted OASPL is 96.4 dBA at 2,400 rpm and is 14.0 dBA 
greater at 2,700 rpm. 
Figure 4.10. Frequency Distribution of Near-Field SPL for the Reference Propeller 
Rotating at 2,400 rpm and 2,700 rpm and a Directivity Angle of 105°. 
This comparison clearly shows that shock wave formation creates considerably 
more noise at the higher harmonics than at the lower ones and has a greater affect on the 
A-weighted level than for the unweighted case. In other words, the effect of shock wave 
formation will result in a greater increase in the A-weighted level than in the unweighted 
level. 
This comparison clearly shows that large diameter propellers should be designed 
in such a manner that shock waves are not formed at the tip if radiated noise is an 
important parameter. A quiet 76 in. diameter propeller should not be operated at 
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rotational speeds greater than approximately 2,400 rpm. Clearly the reference propeller is 
designed to meet this low noise criteria by avoiding tip shock waves during aircraft 
operations while exhibiting excellent aerodynamic performance characteristics. 
4.7 Effects Of Unsteady Blade Loading 
In the study of aircraft propeller noise, the influence of non-uniform inflow has 
been investigated, to determine its significance in noise generation. It has been observed, 
that inflow distortion due to installation and operating conditions, such as propeller shaft 
angle of attack, can significantly alter the sound field. When non-uniform inflow is 
present, it produces unsteady blade loading, and loading noise is a significant dipole 
source contributor to propeller noise. 
A study was performed at NASA Langley Research Center, to update the 
formulation of the ANOPP-PAS noise prediction code to predict propeller noise, and the 
effect of propeller inflow angle on the radiated noise characteristics. This updated 
formulation was used to predict the noise characteristics of the 2-bladed and 3-bladed 
unswept reference propellers as well as the swept 3-bladed configuration. With the new 
formulation the parameter IDPDT was set equal to unity in the ANOPP input file, 
indicating that flow is unsteady due to angle of attack. The parameter PROPANG was set 
equal to 5.0 degrees, indicating the relative propeller shaft angle of attack. A positive a 
designates a nose-down propeller and -a is a nose-up orientation, both with respect to the 
observer. [33] 
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Shown in Figure 4.11 is the far-field unweighted OASPL in decibels, with respect 
to 20 |iPa, predicted at ground level with the aircraft flying overhead in level flight at an 
altitude of 1,000 ft, for the reference propeller. The maximum predicted unweighted 
OASPL of 78.0 dB shown in this curve is equivalent to an A-weighted level of 66.2 dBA. 
Comparing the two curves in Figure 4.11 it is readily apparent that the nonuniform inflow 
has a great effect on the far-field radiated noise during approach. 
Figure 4.11. Far-field Radiated Noise at 1000 ft. (OASPL vs. time) for the Reference 
Propeller with Unsteady Blade Loading. 
At 15 seconds prior to flyover, there is a 22 dB difference in the unweighted 
OASPL. The unsteady loading case reaches its peak OASPL dB level at 0.39 seconds as 
opposed to 0.89 seconds for the steady level flight case. During the departure phase there 
is almost no noticeable effect, the curves are nearly identical. In the steady blade loading 
case, the curve follows propeller noise theory, in that the maximum OASPL is obtained 
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nearly a second after flyover and the departure phase is noisier than the approach. For the 
unsteady case, the maximum is achieved almost at flyover and the curve looks fairly 
similar during approach and almost identical during departure. 
Presented in Figure 4.12 is the predicted unweighted near-field OASPL plotted as 
a function of directivity angle for both the steady and unsteady loading cases. The 
directivity angle is measured directly in front of the propeller in a vertical plane, i.e. 
directly ahead is zero degrees, in the plane of propeller rotation is 90° and directly behind 
is 180° as shown in Figure 4.7. Inspection of the unsteady loading curve indicates that 
the maximum near-field OASPL of 112.9 dB occurs at a directivity angle of 75°. At this 
position, the maximum A-weighted OASPL is 101.7 dBA. 
• Unsteady Loading 
^Q H Steady Loading 
45 
Figure 4.12. Near-Field OASPL re: 20 jaPa as a Function of Directivity Angle for 
the Unsteady Blade Loading Case. 
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Closer examination of Figure 4.12 reveals that the directivity pattern is nearly 
constant around the 180° sweep for the unsteady case. At 0° for the unsteady loading 
case, the OASPL is 106.3 dB compared to 39.6 dB for the steady blade loading case. 
Theoretically, the noise level is zero for a blade under steady loading at a directivity angle 
of 0° and 180°. This is because all rotational components of noise have zero radiation 
along the axis of rotation, as long as the blade is under symmetrical loading. Also, the 
maximum OASPL occurs at a polar angle of 75° rather than 105°. In the unsteady 
loading case, the OASPL only fluctuates 11.0 dB from maximum to minimum as opposed 
to 72 dB for the steady loading case. 
The next several graphs compare the components of thickness and loading noise 
as well as overall noise for the unsteady blade loading case with that of the steady blade 
loading or reference propeller case. Shown in Figure 4.13 is the near-field SPL of the 
overall noise plotted as a function of harmonic number for the same prediction as 
presented in figure 4.12, at a directivity angle of 75°. Inspection of this figure reveals that 
each harmonic of the overall noise spectrum is slightly louder than the reference (steady) 
blade case. The overall trend in the two curves is similar, in that they both decrease as 
harmonic number increases. At BPF the fundamental harmonic is approximately 3.6 dB 
greater for the unsteady case. For the steady loading case, at 75° the OASPL is 110.1 dB 
compared to 112.9 for the unsteady loading case, a difference of nearly 3.0 dB. The 
maximum OASPL for the steady case is 111.2 dB (96.4 dBA) at 105° directivity, thus the 
unsteady case is 1.7 dB (2.7 dBA) higher then the loudest point of the steady case 
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Figure 4.13. SPL Frequency Spectrum of the Near-Field Overall Noise in Terms of 
Harmonic Number for the Unsteady Loading Case and the Reference Propeller. 
Figure 4.14 represents the thickness noise frequency spectrum for the two cases at 
75° directivity. It can be seen once again, that as harmonic number increases, the 
thickness noise decreases steadily and that both curves establish a similar trend. Again, 
each harmonic of the unsteady blade loading case is higher than the steady loading case. 
The most noticeable change for the spectrums can be seen in Figure 4.15 which displays 
the loading noise spectrum for the two cases. In this case, once again we see that the 
unsteady loading case is exhibiting louder tones, but that the two curves approximate the 
same trend until the 9th harmonic. After this point the steady blade loading case shows 
that the tones are still decreasing monotonically as harmonic number increases. However, 
it is interesting to note that the unsteady loading case shows that it has approximately 
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leveled out at the 11th harmonic and does not fluctuate by more than 4 dB at the higher 
harmonic numbers. 
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Figure 4.14. SPL Frequency Spectrum of the Thickness Noise in Terms of 
Harmonic Number for the Unsteady Loading Case and the Reference Propeller. 
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Figure 4.15. SPL Frequency Spectrum of the Loading Noise in Terms of Harmonic 
Number for the Unsteady Loading Case and the Reference Propeller. 
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The previous three figures demonstrate that the unsteady blade loading case 
increases the harmonics for both the thickness and the loading noise and thus the overall 
noise also increases. It also shows that at the 11th harmonic and greater, the loading 
noise is markedly different for the unsteady loading case. These differences combine to 
make the propeller experiencing unsteady loading not only louder than the steadily loaded 
propeller but it also changes the overall directivity pattern of the propeller. Looking again 
at Figure 4.12 we can see that unsteady blade loading increases the OASPL from 0° to 
180°, i.e at any direction. In Chapter 5 the effects of unsteady blade loading on a 
3-bladed propeller will be discussed. 
5.0 Three-Bladed Propeller Design and Analysis 
Tip speed is a significant factor in the generation of propeller noise. It has been 
shown that propeller noise is proportional to approximately the fifth power of propeller 
tip speed. [32] One way to reduce tip speed, is to reduce propeller diameter while 
maintaining the same rotational speed. To achieve the same aerodynamic performance 
with a smaller diameter propeller, it is necessary to increase the number of blades. The 
reference 3-bladed propeller has a diameter of 64 in., or one foot less than the reference 2-
bladed propeller. The reference 3-bladed design is similar to that of the 2-bladed design 
in that the chord is constant from the spanwise position of r/R = 0.2 to 0.8, at which point 
the tip shape becomes elliptical. The chord length from 0.2R to 0.8R is 7.5 inches. The 
design criteria are the same as that for the two-bladed propeller, i.e. free-stream speed of 
160 kts and a propeller rotational speed of 2,400 rpm. The primary differences between 
the two and three-bladed reference propellers are the diameter and the blade angle 
distribution. The airfoil sections and sectional lift coefficients for the three-bladed 
propeller are shown in Table 5.1 which are the same as the two-bladed propeller. 
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Table 5.1. Blade Angles, Chord and Lift Coefficient as a Function of Radial 
Position for the 3-Bladed Reference Propeller. 
NACA 
AIRFOIL 
4418 
4415 
4415 
4412 
4412 
4412 
4412 
4412 
4109 
4409 
4409 
4406 
4406 
1 4406 
r/R 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.75 
0.80 
0.85 
| 0.90 
0.95 
0.975 
0.995 
1.00 
r 
6.40 
9.60 
12.80 
16.00 
19.20 
22.40 
24.00 
25.60 
27.20 
28.80 
30.40 
31.20 
31.84 
32.00 
c 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.28 
6.60 
5.25 
4.15 
2.78 
2.29 
3 
71.33 
59.43 
50.98 
44.46 
39.38 
35.35 
32.95 
30.73 
27.96 
26.01 
24.18 
22.95 
22.54 
22.44 
C/ 1 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.70 
0.65 
0.58 
0.45 
0.42 
0.40 
0.40 
0.40 | 
Based upon the same hub size and shape as the two-bladed propeller, the volume 
of the 3-bladed straight NACA propeller is 439.8 in3, which is equivalent to 
approximately 44.0 lb for the propeller fabricated from solid forged aluminum. This 
weight is approximately 14.0 lb greater than the 2-bladed reference propeller which 
constitutes a 47% weight increase. A weight increase is expected, even though the 
diameter is one foot less, due to the addition of a third blade, and the increase in average 
chord length. The 3-bladed propeller weight can be further reduced by increasing the 
blade angle while decreasing the chord. This design change can result in reduced take-off 
performance, i.e. low advance ratios, because of increased blade stall angles. 
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5.1 Aerodynamic Performance of the 3-Bladed Propeller Using NACA Airfoils 
Shown in Figure 5.1 are the propeller aerodynamic characteristics, Or, CP and r\ as 
a function of advance ratio J, for the 3-bladed straight propeller. The design advance 
ratio for the 3-bladed configuration, operating at 2400 rpm, free-stream speed of 160 kts 
and blade tip diameter of 64 inches, is 1.27. The figure reveals that at the design advance 
ratio, CT is 0.0899, CP is 0.1330, and r| is 85.6%. These aerodynamic performance 
coefficients at standard sea-level conditions result in a thrust of 262.4 lb and power of 
150.6 hp, which gives a thrust to power ratio (T/P) of 1.74 lb/hp. It is important to note, 
that while these values for thrust and power coefficients seem very high compared to the 
values obtained for the 2-bladed propeller, the relationships given earlier in Equations 4.6 
and 4.7, are a function of diameter to the fourth and fifth powers respectively. Thus, the 
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Figure 5.1. Aerodynamic Performance Characteristics for the Straight 3-bladed 
Reference Propeller with NACA 44!! Airfoils. 
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decreased blade diameter results in the thrust and power presented above. The thrust for 
the 3-bladed straight propeller is approximately 1% greater than that produced by the 2-
bladed reference propeller. However, the required power is 3.8% higher than that 
required for the 2-bladed configuration, and this higher power requirement is reflected in 
the predicted efficiency, which is 2.3 % lower. 
5.2 Radiated Noise Characteristics of the 3-Bladed NACA Propeller 
Shown in Figure 5.2 is the far-field unweighted OASPL in decibels, for both the 
2-bladed reference propeller and the straight 3-bladed propeller, predicted at ground level 
for flyover at an altitude of 1,000 ft and a speed of 160 kts in steady level flight. The 
maximum predicted unweighted OASPL of 74.0 dB is equivalent to an A-weighted level 
of 59.7 dBA. Inspection of these curves reveals that the OASPL is 2.9 dB and 6.2 dBA 
["• 
•J* 
araaBHa!**™ 
mw/tF • 
• 
• 
• • • • • • • • • 
1 1 1 
• 
60 -
50 -
40 -
30 -
20 « 
10-
8 -
S » f c 
* • • . . 
M 2 Blade Ref Prop 
• 3 Blade Ref Prop 
1 
X 
* • • • • 
1 \ 
-15 -10 -5 0 5 10 15 
Time (s) 
Figure 5.2. Flyover Unweighted OASPL Far-field Radiated Noise Characteristics of 
the Straight 3-bladed Propeller and 2-bladed Reference Propeller at 2,400 rpm. 
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lower at the peak level than the 2-bladed reference propeller. During approach the levels 
range from 15.3 dB to 2.6 dB lower, and up to 14.0 dB lower during departure. The 
maximum OASPL occurs shortly after the aircraft has passed its nearest point of 
approach, this is consistent with the characteristics of radiated propeller noise. [4] 
Presented in Figure 5.3 is the predicted unweighted near-field OASPL plotted as a 
function of directivity angle. The directivity angle is measured from directly in front of 
the propeller in a vertical plane, i.e. directly ahead is zero degrees, in the plane of 
propeller rotation is 90° and directly behind is 180°. The directivity angle and the 
location of the observers is defined more completely in section 4.3 and as shown in 
Figure 4.7. Inspection of this curve indicates that the maximum near-field OASPL of 
108.3 dB occurs at a directivity angle of 90°. At this position, the maximum A-weighted 
•3 Blade Ref 
•2 Blade Ref 
Figure 5.3. Near-Field OASPL re: 20 |iPa as a Function of Directivity Angle for the 
3-BIaded Reference Propeller. 
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OASPL is 97.1 dBA. Thus, for the 3-bladed propeller we see a shift of the maximum 
OASPL to the plane of rotation, i.e. 90° versus 105°. This is most likely due to the fact 
that from the 2nd harmonic onward, the thickness noise dominates the frequency 
spectrum. Thickness noise is a strong monopole source which exhibits omnidirectional 
noise radiation characteristics while loading noise constitutes a dipole source. 
Figure 5.4 shows the frequency spectrum of the near-field unweighted SPL for 
both the 2-bladed reference propeller and the straight 3-bladed propeller rotating at 2,400 
rpm and a directivity angle of 105°. Comparing the two bar graphs shows that at BPF, 
the SPL of the 3-bladed propeller is 2.6 dB lower than the reference propeller. At 
harmonics of 12 and greater, the predicted SPL is lower than the threshold of hearing, 
therefore Figure 5.4 only shows up through the 11th harmonic. 
Figure 5.4. Frequency Spectrum of Near-field Unweighted SPL for the Straight 2 
and 3-bladed Reference Propellers. 
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The data in Table 5.2 shows that for the 3-bladed propeller, loading noise 
dominates at BPF only, and at all harmonics of BPF, thickness noise dominates. Further 
inspection reveals that as harmonic number increases, the difference between the 2 and 3-
bladed propeller becomes more drastic, for example at the 4th harmonic, the difference is 
18.6 dB. From the 12th harmonic upward, the SPL for the 3-bladed propeller becomes 
negative. This comparison indicates that at harmonics greater than the 12th, the sound 
pressure level is lower than that of the reference sound pressure level of 2 x 10" Pa which 
constitutes the threshold of hearing for humans. A complete set of the near-field and far-
field noise data for the 3-bladed reference propeller can be found in Appendix D. 
Table 5.2. Near-field Thickness and Loading Noise Components as a Function of 
Harmonic Number at Directivity Angle of 90° for 3-bladed Reference Propeller. 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
HARMONIC 
FREQUENCY 
(HZ) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
THICKNESS 
NOISE 
(DB) 
104.25 
99.48 
92.62 
84.97 
76.94 
68.66 
60.22 
51.65 
42.97 
34.20 
25.33 
LOADING 
NOISE 
(DB) 
105.86 
93.49 
82.99 
74.14 
66.1 
58.31 
50.50 
42.64 
34.71 
26.71 
18.65 
OVERALL 
NOISE 
(DB) 
107.65 
99.06 
91.08 
82.88 
74.44 
65.81 
57.00 
48.04 
38.92 
29.62 
20.12 
OASPL = 108.31 dB 
97.1 dBA 
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5.3 Effects of Inplane Sweep 
It has been well established that swept propeller blades can reduce propeller noise 
using both inplane and out-of-plane sweep.[2, 34] The basic concept is that the noise 
source is distributed over the propeller blade source [16, 35] and that there can be noise 
cancellation at a point away from the propeller because of acoustic pressure wave 
cancellation. [29, 36] The scimitar shaped blades used on the ultra-high bypass prop-fan 
are designed based upon this concept using both inplane and out-of-plane sweep. 
The investigation being reported considers only inplane sweep because of the 
difficulty of manufacturing propeller blades with out-of-plane sweep. Three basic sweep 
configurations are considered all of which use the reference propeller, i.e. the 2-bladed 
configuration previously discussed. Sweep is incorporated into the reference propeller 
design by creating an ellipse and then forcing the line connecting the mean aerodynamic 
center of each airfoil of the reference propeller to follow one quarter of its elliptical arc. 
The leading edge point is then determined with respect to this new "center-line". The 
trailing edge was then defined from the new leading edge with equivalent chords from the 
reference propeller. This method transforms the elliptical tip shape such that the leading 
edge is drastically elongated and the trailing edge is slightly elongated and straightened. 
The degree of change due to sweep of the reference blade is then dependent on the 
chosen sweeping ellipse and the location of where it was incorporated into the design. 
The first configuration considered is based upon the sweep starting at the 0.2 r/R position 
sweeping aft and is called full sweep, with the designation IPSE following by a number 
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designating the amount of sweep displacement at the tip in inches, e.g. IPSE-3.75 means 
3.75 inches of tip sweep. The amount of sweep is a percentage of the maximum chord, 
e.g. 3.75 inches is 50% of the maximum blade chord. The IPSE configurations are 
evaluated with 3.75 in., 5.63 in., 7.50 in., 9.38 in. and 11.25 in. of tip sweep. The second 
basic configuration consists of the aft sweep starting at the 0.5 r/R position and 
designated as HIPSE with 3.75 in., 5.63 in., 7.50 in., 9.38 in. and 11.25 in. of tip sweep. 
The third configuration consists of aft sweep starting at the 0.75r/R position which is 
designated as QIPS. Shown in Figure 5.5 is the planform view for some of the swept 
blade configurations discussed, labeled with the appropriate configuration designation. 
The QIPS configuration is shown to show the general shape, but it was not analyzed. 
Figure 5.5. Planform View of some Swept Blade Configurations. 
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There are many other swept configurations that could be evaluated including forward 
sweep near the hub and aft sweep near the tip. [22] 
The far-field flyover OASPL as well as the near-field OASPL and SPL frequency 
spectrum noise levels are evaluated for all swept configurations and the thrust and power 
at cruise conditions are all within 2% of the reference propeller. Shown in Figure 5.6 is 
the unweighted far-field OASPL at flyover during level flight at 1,000 ft altitude for the 
HIPSE-7.5 configuration as well as the 3-bladed reference propeller. Comparing the two 
OASPL curves in this presentation reveals that the swept blade is approximately 1.0 dB to 
1.5 dB quieter than the unswept case during approach and at the peak levels, while during 
departure very little difference is seen in the OASPL. 
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Figure 5.6. Far-field OASPL at 1,000 ft for HIPSE-7.5 and the Reference Propeller 
Configurations. 
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Shown in Table 5.3 is the maximum far-field and near-field OASPL for all 
configurations including the reference case. The maximum peak far-field OASPL is 
predicted during flyover at a 1000 ft altitude and the near-field OASPL is at a 90° 
directivity angle. Inspection of this Table reveals that sweep does reduce both the far-
field and near-field unweighted and A-weighted OASPL. The HIPSE-7.5 and IPSE-
11.25 swept configurations exhibit the lowest noise levels relative to the reference 
propeller. For example relative to the reference propeller, the HIPSE-7.5 in the far-field 
is 1.2 dB and 1.4 dBA quieter, and in the near-field is 1.2 dB and 1.3 dBA quieter. 
Table 5.3. Near and Far-Field Maximum OASPL for all 3-Blade Configurations. 
FULL SWEEP 
Far OASPL (dB) 
Far OASPL (dBA) 
Near OASPL (dB) 
Nr. OASPL (dBA) 
HALF SWEEP 
Far OASPL (dB) 
Far OASPL (dBA) 
Near OASPL (dB) 
Nr. OASPL (dBA) 
Ref. Prop 
74.0 
59.7 
108.3 
97.7 
IPSE 3.75 
73.5 
59.1 
107.8 
96.8 
HIPSE 3.75 
73.4 
59.0 
107.7 
96.7 
IPSE 5.625 
73.3 
58.9 
107.6 
96.7 
HIPSE 5.625 
73.1 
58.6 
107.4 
96.6 
IPSE 7.5 
73.2 
58.7 
107.4 
96.7 
HIPSE 7.5 
72.8 
58.3 
107.1 
96.4 
IPSE 9.375 
73.0 
58.6 
107.3 
96.6 
IPSE 11.25 
72.9 
58.5 
107.2 
96.6 
HIPSE 9.375 HIPSE 11.25 
73.0 
58.4 
106.8 
96.3 
73.5 
58.9 
107.8 
96.2 
For the cases considered it appears the greater the sweep the lower the noise. 
Based upon these predictions, the HIPSE-7.5 configuration is recommended because it 
exhibits superior noise reduction characteristics than the reference case, i.e. that it is 
significantly quieter in the far- and near-fields especially in the A-weighted case. The 
half-swept with 7.5 in. of tip sweep (HIPSE-7.5) configuration is also easier to 
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manufacture than the full-swept (IPSE), quarter-swept (QIPS) configurations and the 
more extremely swept cases . 
5.4 3-Bladed Propeller Design Using Natural Laminar Flow (NLF) Airfoils 
Airfoil skin friction at high Reynolds numbers has been significantly reduced by 
the successful design of airfoil shapes that exhibit large regions of laminar boundary layer 
flow on both the upper and lower surfaces. [3 7, 38] It was decided to design propellers 
using these NLF airfoils in the hope that there would be an increase in propeller 
efficiency because of the reduction of airfoil parasite drag. It was also of interest to 
determine if NLF propellers would exhibit lower noise characteristics than propellers 
using more conventional NACA airfoil sections because of shape differences. 
Jeffrey Viken of Innovative Aerodynamic Technologies (IAT), an NLF design 
specialist and designer of the NASA NLF(1)-0414F airfoil[37, 38], designed a set of NLF 
airfoils for propellers based upon the same size and with the same performance 
characteristics as was used to design the reference propeller. Based upon the sectional lift 
coefficient and Reynolds number distribution required as a function of blade radial 
position, Viken designed the NLF airfoils as labeled in Table 5.4 as a function of radial 
position r/R for the NLF propeller. Inspection of this table indicates a twist angle ((3) and 
sectional lift coefficient (Q) distributions very similar to that used for the reference 
propeller. 
The 3-bladed swept NLF propeller is based on the same design criteria as the straight 3-
bladed propeller. The sectional lift coefficients, and airfoil distribution are defined for 
the 3-bladed NLF propeller in Table 5.4. The blade angle distribution for the 3-bladed 
propeller is different than that for the 2-bladed propeller. 
Table 5.4. Blade Parameters for the Swept NLF 3-bladed Propeller. 
NACA 
AIRFOIL 
jv-prop.20 
jv-prop.40 
jv-prop.40 
jv-prop.55 
jv-prop.55 
jv-prop.70 
jv-prop.70 
jv-prop.70 
jv-prop.85 
jv-prop.85 
jv-prop.95 
jv-prop.95 
jv-prop.95 
| jv-prop.95 
r/R 
0.20 
0.30 
0.40 
0.55 
0.60 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
0.975 
0.995 
1.00 
r 
6.40 
9.60 
12.80 
17.60 
19.20 
22.40 
24.00 
25.60 
27.20 
28.80 
30.40 
31.20 
31.84 
32.00 
c 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.50 
7.28 
6.60 
5.25 
4.15 
2.78 
2.29 
3 
66.66 
55.83 
47.51 
38.64 
36.27 
32.19 
30.49 
28.97 
26.96 
25.70 
24.00 
23.47 
23.06 
22.96 
c/ 1 
0.70 
0.73 
0.73 
0.74 
0.74 
0.75 
0.75 
0.75 
0.58 
0.58 
0.42 
0.42 
0.42 
0.42 | 
Investigation of Table 5.4 reveals that the jv-prop.20 airfoil with a maximum 
thickness of 18%, is used at a r/R of 0.2, the jv-prop.40 with a t/c of 15% is used at a r/R 
of 0.3 and 0.4, the jv-prop.55 with a t/c of 12.75% at a r/R of 0.5 and 0.6, the jv-prop.70 
with a t/c of 10.5% from a r/t of 0.7 to 0.8, the jv-prop.85 with a t/c of 8.25% at r/R of 
0.85 and 0.9, and the jv-prop.95 with a t/c of 6.75% at r/R equal to and greater than 0.95. 
To gain insight into the unique shape of the NLF airfoil shapes, the NACA 44XX series 
and the jv-prop series are presented side by side in Figure 5.7 at various radial positions. 
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For example, the NACA-4406 airfoil is plotted next to the jv-prop.95 airfoil both of 
which are used near the blade tip at a radial position of 0.95 r/R, noting that the NACA 
airfoil is used on the reference propeller. 
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Figure 5.7. Comparison between NACA 44XX and NLF Series Airfoils. 
Based upon the same hub size and shape as the reference propeller, the volume of 
the 3-bladed swept NLF propeller is 425.5 in3, which is equivalent to approximately 
42.6 lb for solid forged aluminum fabrication. This is approximately 1.4 lb less than the 
3 bladed unswept propeller, but 13 lb (43% increase) more than the 2-bladed reference 
propeller as shown in Table 5.5, where the volume and weight estimations for all of the 
various blade configurations are presented based on solid forged aluminum. The 3-
bladed propellers all have essentially the same weight, with the only variations being the 
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two NLF configurations. The NLF 3-bladed propeller is approximately 1.5 lb lighter than 
the blades using the NACA airfoils. Presented in Figure 5.8 is a top view of the blade 
planform shape for the 3-bladed swept NLF propeller. 
Table 5.5. Volume and Weight for all Blade Configurations 
Blade 
|2 Bid Reference 
p Bid Reference 
IPSE 3.75 
IPSE 5.625 
IPSE 7.5 
IPSE 9.375 
IPSE 11.25 
HIPSE 3.75 
HIPSE 5.625 
HIPSE 7.5 
HIPSE 9.375 
HIPSE 11.25 
|3 Blade Swept 
single blade 
volume 
(Re R3) 
0.001924 
0.003609 
0.003611 
1 0.003611 
0.003612 
0.003613 
. 0.003613 
0.003610 
0.003610 
0.003610 
0.003611 
0.003611 
0.003463 
total prop 
volume 
(in3) 
296.15 
439.85 
439.98 
440.04 
440.11 
440.18 
440.24 
439.90 
439.93 
439.96 
439.98 
440.01 
425.48 
total prop 
weight 
Ob) 
29.61 1 
43.98 
44.00 
44.00 
44.01 
44.02 
44.02 
43.99 
43.99 
44.00 
44.00 
44.00 
42.55 | 
hub volume = 85.03 in3 
hub weight = 8.50 lb 
Note: Weights estimates based upon solid forged aluminum. 
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Figure 5.8. Sketch of 3-bladed Swept NLF Propeller Planform. 
5.5 Aerodynamic Performance of the 3-Bladed Propeller Using NLF Airfoils 
Based on the analysis in section 5.3, the recommended 3 bladed swept 
configuration (HIPSE-7.5) is used, incorporating the NLF airfoils in the place of the 
NACA airfoils. Shown in Figure 5.9 is the aerodynamic performance characteristics for 
the swept 3-bladed propeller using NLF airfoils, where the thrust coefficient CT, power 
coefficient Cp, and efficiency r\ are plotted as a function of advance ratio J. A cruise 
advance ratio of 1.27 results in a thrust coefficient CT of 0.0896, a power coefficient Cp of 
0.1302, and an efficiency of 87.1%. At standard sea-level conditions and level flight of 
160 knots, these coefficients result in 261.5 lb of thrust and a power of 147.4 hp 
compared to 262.4 lb and 150.6 hp at an efficiency of 85.6% for the straight 3-bladed 
propeller. This propeller exhibits very similar aerodynamic performance characteristics, 
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with nearly identical thrust and approximately a 2% decrease in required power which 
translates into a 1.5% increase in propeller efficiency. 
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Figure 5.9. Aerodynamic Performance Characteristics for the Swept 3-bladed 
Propeller with NLF Airfoil Sections. 
5.6 Radiated Noise Characteristics of the 3-bladed NLF Propeller 
Figure 5.10 shows the far-field unweighted OASPL levels for the 3-bladed 
straight and the 3-bladed swept NLF propellers for flyover at an altitude of 1,000 ft and a 
speed of 160 kts. Both propellers are rotating at 2,400 rpm. These curves show that the 
OASPL are nearly identical near and at the maximum level, but that the NLF propeller is 
slightly quieter during approach and slightly noisier during departure. There are no 
significant differences in the far-field OASPL between the 3-bladed swept NLF and 
reference 3-bladed propellers, for the unweighted case. During approach, the unweighted 
OASPL is approximately 1.9 dB (1.9dBA) lower for the swept NLF propeller, but at the 
75 
peak, the difference is only 0.5 dB (0.8 dBA). During the departure, the NLF 3-bladed 
propeller is approximately 1.0 dB (0.9 dBA) noisier than the 3-bladed reference propeller. 
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Figure 5.10. Flyover Unweighted Far-field Radiated Noise Characteristics of the 
Straight 3-bladed NLF Propeller and 3-bladed Reference Propeller. 
Presented in Figure 5.11 is the predicted unweighted near-field OASPL plotted as 
a function of directivity angle. The directivity angle is described in Section 4.3 and 
Figure 4.7. Inspection of this curve indicates that the maximum near-field OASPL of 
107.8 dB occurs at a directivity angle of 90°. At this position, the maximum A-weighted 
OASPL is 96.6 dBA. Comparing this to the 2-bladed reference propeller, we see a 
maximum level of 111.2 dB at a directivity angle of 105° which corresponds to 
101.7 dBA. Overall, the directivity pattern for the two cases is very similar. 
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Figure 5.11. Near-Field OASPL re: 20 |wPa as a Function of Directivity Angle for 
the 3-bladed Swept Propeller and the 2-bladed Reference Propeller. 
Shown in Figure 5.12 is the frequency spectrum of the near-field unweighted SPL 
for both the 3-bladed NLF and 3-bladed reference propellers rotating at 2,400 rpm and a 
directivity angle of 90°. This figure indicates that at BPF and its harmonics, that the SPL 
is essentially the same for both configurations up to 10BPF. At 12BPF, the SPL of the 
NLF propeller is approximately 3.2 dB greater. This corresponds to approximately 3.2 
dBA on the A-weighted scale. Similar to the 2-bladed propeller, thickness noise 
dominates the loading noise at all harmonics except at BPF, and at 2BPF the levels are 
essentially the same. 
77 
Figure 5.12. Near-field unweighted OASPL at 90° for 3-bladed Straight Propeller 
and Swept NLF 3-bladed Propeller. 
Table 5.6 is presented to show the unweighted and A-weighted OASPL for 
maximum flyover and near-field levels, for the 2-bladed reference propeller and the 3-
bladed reference propeller, as well as the swept 3-bladed NLF propeller. The 
aerodynamic performance characteristics of all 3 propellers are within 4% of each other, 
with the 3-bladed swept propeller having almost identical aerodynamic efficiency to the 
2-bladed reference propeller. The table indicates that the unweighted far-field OASPL of 
the 2-bladed reference propeller is 76.9 dB. The 3-bladed straight propeller is 2.9 dB 
quieter than the 2-bladed reference propeller, while the swept 3-bladed NLF propeller is 
an additional 0.5 dB quieter than the unswept 3-bladed case. The far-field A-weighted 
OASPL of the 2-bladed reference propeller is 65.9 dBA and the swept NLF 3-bladed 
propeller is 7.0 dBA quieter than the straight 3-bladed propeller. Comparing the 
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unweighted OASPL for the near-field, the 3-bladed propeller is 2.9 dB quieter then the 2-
bladed propeller. The swept NLF 3-bladed propeller is an additional 0.5 dB quieter then 
the unswept blade. More significantly, in comparing the A-weighted levels, there is a 
4.6 dBA reduction from the 2-bladed reference propeller to the 3-bladed reference 
propeller, we see that the swept NLF 3-bladed configuration is 0.5 dBA quieter than the 
unswept 3-bladed propeller. 
This comparison shows that the 3-bladed configuration is certainly quieter than 
the 2-bladed configuration, and the swept NLF 3-bladed propeller is slightly quieter than 
the straight 3-bladed propeller, in terms of A-weighted near-field OASPL. The near-field 
and far-field noise data for the 3 bladed swept propeller can be found in Appendix E. 
Table 5.6. Unweighted and A-weighted OASPL for Maximum Flyover Levels 
and Near-field Levels at a Directivity Angle of 90°, for the 2-bladed Reference 
Propeller and both the Straight and Swept NLF 3-bladed Propeller. 
Far OASPL (dB) 
Far OASPL (dBA) 
Near OASPL (dB) 
Nr. OASPL (dBA) 
Reference 
Propeller 
76.9 
65.9 
111.2 
101.7 
3-Bladed 
Ref. Prop 
74.0 
59.7 
108.3 
97.1 
Swept NLF 3-
prop 
73.5 
58.9 
107.8 
96.6 
In summary, the swept NLF 3-bladed 64 in. diameter propeller results in a far-
field OASPL noise reduction of approximately 3.4 dB and 7.0 dBA and near-field 
OASPL of 3.4 dB and 5.1 dBA relative to the 2-bladed reference propeller. This 
significant noise reduction is achieved with essentially no degradation in propeller 
aerodynamic performance characteristics but there is an estimated 13 lb (43%) increase in 
propeller weight compared to the 2-bladed reference propeller. 
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5.7 Effects of Unsteady Blade Loading 
The effects of unsteady blade loading for the 3-bladed propeller are discussed in 
the following pages. All of the figures and data presented are for the 3-bladed, swept 
propeller using NLF airfoils that was chosen as the best design in the previous section. 
Shown in Figure 5.13 is the far-field unweighted OASPL in decibels, with respect to 
20 |iiPa, predicted at ground level with the aircraft flying overhead in level flight at an 
altitude of 1,000 ft, for the 3-bladed swept NLF propeller. The maximum predicted 
unweighted OASPL of 73.6 dB for the unsteady case shown in the curve is equivalent to 
an A-weighted level of 58.0 dBA. Comparing the two curves in Figure 5.13 it is readily 
apparent that the nonuniform inflow has a great affect on the far-field radiated noise 
during approach and a lesser affect during departure. 
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Figure 5.13. Far-field Radiated Noise at 1,000 ft. (OASPL vs. time) for the 3-bladed 
Swept Propeller with both Steady and Unsteady Blade Loading. 
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At 15 seconds prior to flyover there is approximately a 28.0 dB difference in the 
unweighted OASPL. During the departure phase there is almost no noticeable effect, the 
curves are nearly identical, except at t>5 seconds. In the steady blade loading case, the 
curve follows propeller noise theory, in that the maximum OASPL is obtained nearly a 
second after flyover and the departure phase is noisier than the approach. For the 
unsteady case, the maximum is achieved approximately at flyover and the curve looks 
fairly similar during approach and departure. 
Presented in Figure 5.14 is the predicted unweighted near-field OASPL plotted as 
a function of directivity angle. The directivity angle is measured directly in front of the 
propeller in a vertical plane, i.e. directly ahead is zero degrees, in the plane of propeller 
270 
~fi— 3 Blade - Unsteady 
- • — 3 Blade-Steady 
180 
Figure 5.14. Near-Field OASPL re: 20 jaPa as a Function of Directivity Angle for 
the Unsteady Blade Loading Case. 
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rotation is 90° and directly behind is 180° as shown in Figure 4.7. Inspection of this 
curve indicates that the maximum near-field OASPL of 107.9 dB occurs at a directivity 
angle of 90°. At this position, the maximum A-weighted OASPL is 96.9 dBA. 
Closer examination of Figure 5.14 reveals that the directivity pattern is nearly 
constant around the 180° sweep. At 0° for the unsteady loading case the OASPL is 
102.2 dB (93.5 dBA) compared to 3.0 dB (-13.7 dBA) for the steady blade loading case. 
In the unsteady loading case, the OASPL only fluctuates 5.4 dB (19.1 dBA) from 
maximum to minimum as opposed to 104 dB (110.8 dBA) for the steady loading case. 
The next several graphs compare the components of thickness and loading noise 
as well as overall noise for the unsteady blade loading case with that of the steady blade 
loading for the 3-bladed reference propeller case. Shown in Figure 5.15 is the near-field 
SPL of the overall noise plotted as a function of harmonic number for the same prediction 
as presented in Figure 5.14, at a directivity angle of 90°. Inspection of this curve reveals 
that most harmonics of the overall noise spectrum are slightly louder than the reference 
(steady) blade case. The overall trend in the two curves is similar, in that they both 
decrease as harmonic number increases. However, the unsteady loading case fluctuates 
significantly above the 4th harmonic. The higher harmonics of the unsteady case are also 
significantly louder than the steady case. At BPF the fundamental harmonic is 
approximately 0.5 dB greater for the unsteady case. For the steady loading case, at 90° 
the OASPL is 107.8 dB compared to 107.9 dB for the unsteady loading case, a difference 
of only 0.1 dB. 
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Figure 5.15. SPL Frequency Spectrum of the Near-Field Overall Noise in Terms of Harmonic 
Number for the Unsteady and Steady Loading Cases for the 3-Bladed Reference Propeller. 
Figure 5.16 represents the thickness noise frequency spectrum for the two cases at 
90° directivity. It can be seen once again that as harmonic number increases, the 
thickness noise decreases steadily and that both curves establish a similar trend. Again, 
each harmonic of the unsteady blade loading case is higher than the steady loading case. 
The most noticeable change for the spectrums can be seen in Figure 5.17 which displays 
the loading noise spectrum for the two cases. In this case, once again we see that the 
unsteady loading case is exhibiting louder tones, but that the two curves approximate the 
same trend until the 5th harmonic. After this point, the steady blade loading case shows 
that the tones are still decreasing monotonically as harmonic number increases. However, 
it is interesting to note that the unsteady loading case shows that the tones are still 
fluctuating and that they become significantly louder than the steady-case complements 
by the 7th harmonic. 
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Figure 5.16. SPL Frequency Spectrum of the Thickness Noise in Terms of Harmonic 
Number for the Unsteady and Steady Loading Cases for the NLF Swept 3-Bladed 
Propeller. 
Figure 5.17. SPL Frequency Spectrum of the Loading Noise in Terms of Harmonic 
Number for the Unsteady and Steady Loading Cases for the NLF Swept 3-Bladed 
Propeller. 
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The previous three figures demonstrate that the unsteady blade loading case 
increases the SPL of BPF harmonics for both the thickness and the loading noise and thus 
the overall noise also increases. Figure 5.17 also shows that at harmonics greater than the 
6th, the loading noise is markedly different for the unsteady loading case. These 
differences combine to make the propeller experiencing unsteady loading not only louder 
than the steadily loaded propeller but it also changes the overall directivity pattern of the 
propeller. Reviewing Figure 5.14 indicates that the unsteady blade loading increases the 
OASPL at all angular positions from 0° to 180°. 
5.8 Trailing Edge Boundary Layer Noise 
Trailing edge boundary layer noise can be a significant part of propeller noise. It 
is a broadband quadrupole noise source caused by vortex shedding at the trailing edge of 
the blade. This vortex shedding can become a significant portion of the noise spectrum in 
the case of propellers that are operating in the supersonic regime. [23] Table 5.7 is the 
trailing edge noise spectrum for the 3-bladed swept NLF propeller. The same 13 
observation locations that were used to predict the near-field noise, were also used to 
predict trailing edge boundary layer noise. The table shows the noise at observer 8, which 
corresponds to a 90° directivity angle. Broadband trailing edge noise was predicted over 
the 1/3 octave band frequency. 
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Table 5.7. Average Broadband Trailing Edge Noise for the 3-bladed Swept NLF 
Propeller 
1 1/3 Octave Band 
Frequency (Hz) 
50 
63 
80 
100 
125 
160 
200 
250 
315 
400 
500 
j 630 
Sound Pressure 
Level (dB) 
18.72 
22.68 
26.75 
30.53 
34.26 
38.34 
41.94 
45.46 
48.97 
52.44 
55.49 
58.44 
1/3 Octave Band 
Frequency (Hz) 
800 
1000 
1250 
1600 
2000 
2500 
3150 
4000 
5000 
6300 
8000 
10000 
Sound Pressure 
Level (dB) 
61.25 
63.64 
65.82 
68.00 
69.76 
71.31 
72.66 
73.74 
74.42 
74.79 
74.83 
74.59 j 
It can be seen from the table that trailing edge noise is greatest at higher 
frequencies. In this case, the maximum SPL for trailing edge noise is 74.8 dB and occurs 
at a frequency of 8000 Hz. However, the near-field noise tones at a directivity angle of 
90° have a maximum of 107.2 dB for BPF. This is over a 33.0 dB difference, which 
holds to well established theory that broadband trailing edge noise is inconsequential for 
subsonic propellers. 
5.9 Effective Perceived Noise Level 
The measure of effective perceived noise level is used to quantify noise as a 
function of its duration. For a sampling of GA aircraft with a cruise speed around 160 kts 
and a 200 HP engine, an average weight was found to be approximately 2,500 lb. The 
FAR 36 standards state that a propeller driven aircraft of that weight can not exceed 
75 dBA. Reading the chart below, we can see that the maximum EPNLdB is 84.8 for the 
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2-bladed propeller rotating at 2,700 rpm. All other cases are for 2,400 rpm. The 
minimum is found to be 66.9 EPNLdB for the highly swept 3-bladed case. With the 
exceptions of the 2,700 rpm case and the unsteady loading case for the 2-bladed propeller 
at 2,400 rpm, all the blade designs fall within the FAR 36 regulations for effective 
perceived noise level. 
Table 5.8. Effective Perceived Noise Levels for all Blade Configurations 
Blade 
2 Blade Reference 
2 Blade at 2700 rpm 
2 Blade Unsteady 
3 Blade Reference 
IPSE 3.75 
IPSE 5.625 
IPSE 7.5 
IPSE 9.375 
IPSE 11.25 
HIPSE 3.75 
HIPSE 5.625 
HIPSE 7.5 
HIPSE 9.375 
HIPSE 11.25 
3 Blade NLF 
3 Blade Unsteady 
Far OASPL 
dB 
76.9 
86.4 
78.0 
74.0 
73.5 
73.3 
73.2 
73.0 
72.9 
73.4 
73.1 
72.8 
73.0 
73.5 
73.5 
73.6 
Far OASPL 
dBA 
65.9 
75.9 
66.2 
59.7 
59.1 
58.9 
58.7 
58.6 
58.5 
59.0 
58.6 
58.3 
58.4 
58.9 
58.9 
58.0 
Initial 
PNLT 
17.15 
35.12 
56.04 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
3.50 
49.16 
Final 
PNLT 
37.95 
56.97 
53.51 
27.47 
27.30 
27.29 
27.33 
27.41 
27.54 
27.17 
27.01 
26.89 
26.79 
26.71 
28.96 
50.77 
Maximum 
PNLT 
78.38 
89.22 
79.47 
75.23 
74.73 
74.54 
74.39 
74.28 
74.23 
74.60 
74.26 
73.96 
73.69 
73.42 
74.94 
73.16 
EPNL 
73.29 
84.84 
75.31 
68.84 
68.32 
68.11 
67.94 
67.81 
67.73 
68.18 
67.83 
67.52 
67.21 
66.92 
68.20 
70.42 
6.0 Conclusions 
The NASA Aircraft Noise Prediction Program-Propeller Analysis System 
(ANOPP-PAS) was used to aid in and analyze the design of a quiet three-bladed general 
aviation (GA) propeller. This theoretical investigation explored the effects of modifying 
the diameter, the rotational speed, the shape, the airfoils and sweeping the propeller blade 
which resulted in the following conclusions. 
Based upon noise and manufacturing considerations, the elliptical blade tip shape 
was deemed best when compared with square, parabolic and circular tips. The results of 
this tip shape analysis compared well with previous results obtained by Klatte and 
Metzger.[2] 
Using propeller rotational speeds of 2,700 rpm for a 76 in. diameter, 2-bladed 
propeller will always result in extremely high radiated noise levels because of shock wave 
formation at the blade tip and that this excessive noise problem does not occur at 
2,400 rpm. 
Unsteady blade loading is caused by inflow distortion due to propeller installation 
and operating conditions. ANOPP-PAS was used to predict the significance of unsteady 
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blade loading on noise generation. A straight, 2-bladed propeller rotating at 2,400 rpm, 
operating under unsteady loading conditions, resulted in a significant change in the 
directivity pattern when compared to the same blade operating at 2,400 rpm, under steady 
loading conditions. The blade under unsteady loading also showed increased far-field 
radiated noise levels during approach, but nearly identical levels to the reference blade in 
steady loading conditions at the peak level and during departure. The near-field 
components of thickness and loading noise demonstrated increased SPL for BPF and its 
harmonics and thus the overall noise also increased. The unsteady loading case resulted 
in a maximum OASPL that was approximately 1.7 dB greater then the steady loading 
case. Comparison of the data also showed that for the unsteady loading case, the 
maximum near-field noise level occurred at a directivity angle of 75° as opposed to 105° 
degrees for the steady loading case for the same blade. 
A straight-bladed, 64 in. diameter 3-bladed propeller designed using NACA 
44XX series of airfoils and rotating at 2,400 rpm, resulted in appreciable noise reductions 
when compared with the straight 2-bladed, 76 in. diameter propeller using the same 
airfoil shapes and rotational speed. The reduction in propeller diameter resulted in a 
reduced tip speed and thus shock waves were not experienced at the tips of the blade. 
The predicted far-field OASPL noise reductions were 2.9 dB and 6.2 dBA, and the 
predicted near-field OASPL noise reductions were 2.9 dB and 4.6 dBA. The propeller 
aerodynamic performance characteristics for the 2-bladed and 3-bladed propellers were 
essentially the same but there was an estimated 43% increase in propeller weight for the 
3-bladed propeller when based upon solid aluminum construction. 
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A swept-bladed, 64 in. diameter 3-bladed propeller designed using NLF series of 
airfoils when compared with the straight 3-bladed propeller of identical propeller 
diameter and both rotating at 2,400 rpm, resulted in a decrease in the far-field OASPL of 
0.5 dB and 0.8 dBA. The swept-bladed propeller near-field OASPL was 0.5 dB and 
0.5 dBA quieter than the straight-bladed propeller. 
For the swept, 3-bladed propeller operating under unsteady loading conditions and 
rotating at 2,400 rpm, the maximum unweighted OASPL is approximately the same as 
the OASPL for the steady loading case. Once again we see that the unsteady blade 
loading causes an increase in the far-field radiated noise during approach, but at the peak 
level and during departure the levels are nearly the same. In the near-field, the maximum 
OASPL for the unsteady loading case and the steady loading case occurs at a directivity 
angle of 90°. While there was a negligible increase in OASPL at this location, there was 
an increase in the overall directivity pattern at other angular positions, such that there is 
only a 5.0 dB increase in the OASPL from an angular position of 0° to 90°. 
Finally, for all cases examined in the 3-bladed configuration, the EPNL was lower 
then the bounds set in the FAR 36 standards. The regulations would allow for a 
maximum EPNL of approximately 75.0 dB and the range for the 3-bladed propellers 
examined was 66.9 dB to 68.8 dB. Of the 2-bladed configurations examined, the blade 
rotating at 2,700 rpm exceeded the limit with an EPNL of 84.8 dB, which is nearly 10 dB 
over the limit and the 2-bladed unsteady loading case had an EPNL of 75.3 dB which is 
0.3 dB over the limit. 
7.0 Recommendations 
Anechoic wind tunnel tests should be performed to validate the design and 
radiated noise prediction capability of the NASA Aircraft Noise Prediction Program-
Propeller Analysis System (ANOPP-PAS). The propeller designs used in this 
investigation should be used in performing these tests to verify the predicted propeller 
aerodynamic performance and radiated noise characteristics. It is very important that the 
aerodynamic prediction capabilities of the code be validated through these tests. If the 
results obtained from the aerodynamic portions of the program are not accurate then the 
aeroacoustic prediction, which is based on the results of the aerodynamics, can not be 
accurate. These model tests would also be used to develop and verify the radiated noise 
scaling laws for use in full scale evaluations. Propeller aerodynamic scaling laws are 
reasonably well understood but this is not the case for radiated noise characteristics. 
Anechoic wind tunnel tests in conjunction with the theoretical prediction capabilities of 
the ANOPP-PAS computer code will allow the development of accurate propeller 
radiated noise scaling laws. This recommended validation will result in the ability of 
General Aviation (GA) aircraft and propeller manufacturers to use the ANOPP-PAS 
computer code to design quiet and efficient propellers with a reasonable degree of 
accuracy and confidence. 
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These anechoic wind tunnel tests should also investigate propeller installation 
effects. The ANOPP-PAS computer code does not have the capability of predicting 
installation effects, therefore, a simplified nacelle installation algorithm should be 
developed and incorporated into the code. Incorporating this capability will greatly 
strengthen the ANOPP-PAS computer code capabilities. 
The ANOPP-PAS computer code should also be used to design 4-bladed and 
possibly 5-bladed propellers, to investigate the practicality of using smaller diameter 
propellers to further reduce radiated noise characteristics. Needless to say, there will be a 
limit in reducing propeller radiated noise characteristics by using smaller diameter multi-
bladed propellers because of the aerodynamic interaction effects between the propeller 
and engine nacelle. The present investigation showed a significant weight penalty for 
solid aluminum propellers, using 3-bladed instead of 2-bladed propellers, and it is to be 
expected that 4-bladed and 5-bladed propellers would result in very large weight 
increases even though the aerodynamic performance penalties might be minimal. 
Learning to use the ANOPP-PAS prediction code was an extremely laborious and 
time consuming process. This task took away from other factors of research. Now that 
the code is understood, it is very important to go back to the blade design and begin an 
optimization process. This optimization process would look at out-of-plane sweep as 
well as further inplane sweep designs. These should be studied to determine the fiill 
capability of using sweep to reduce radiated noise characteristics for GA aircraft 
propellers. 
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As part of this process structural strength and fatigue should be considered as well 
as new composite manufacturing techniques. The strength of the blade can be determined 
by predicting the stresses that would be experienced by the blade in flight. These can be 
predicted using finite element codes such as COSMOS. There are currently studies being 
performed by Global Aircraft Corp. in Starkville, Mississippi to determine the feasibility 
of using highly swept composite blades. These future studies must look carefully at the 
practicality of manufacturing highly swept-propeller blades as well as the strength 
characteristics. It is easy to envision a case where a highly swept propeller was designed 
that was efficient and quiet but would experience blade failure because of inadequate 
strength capabilities. 
A combination of blade design optimization, composite structures and installation effects 
all should be closely examined to determine the future of propeller blade design. The 
aerodynamics are well understood, to the point where fairly accurate numerical prediction 
codes exist. Thus, the most important factor left to consider is the strength and weight of 
the blade. It is possible to use finite element codes to predict the stresses that will be 
present in these highly stylized propeller blades and thus determine which designs will 
fail and which can be used. 
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APPENDIX A 
PROPELLER ANALYSIS SYSTEM THEORY 
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The following is a description of the procedures used to run ANOPP-PAS, a 
summary of each module and its inputs and outputs, followed by a brief review of the 
theory used in each module of PAS. 
The Blade Geometry Procedure executes the fimctional modules, RBS, RBA and 
BLM. First, the Blade Shape Module (RBS) takes the user input parameters describing 
the blade and the operating conditions, and formulates a functional representation of the 
blade surface, suitable for aerodynamic and aeroacoustic calculations. Once this is 
accomplished, the Blade Section Aerodynamic Module (RBA) calculates the pressure 
forces acting on both the upper and lower blade surfaces of a 2-D airfoil for a specified 
angle of attack and Mach number values. The Blade Section Boundary Layer Module 
(BLM) computes the skin friction coefficients, boundary layer thickness at the trailing 
edge and section drag coefficients for the rotating blade. The updated version of 
ANOPP-PAS which was used, allows for improved blade functional modules, (IBS, IB A 
and IBL) which incorporate compressibility indicators for both pressure and lift 
coefficients. [25] 
The functional modules PRP and PLD are executed in the Performance Procedure. 
The Propeller Performance Module (PRP), is used to determine the velocity field, thrust, 
torque and efficiency for a given propeller under specified operating conditions. The 
Propellers Loads Module (PLD), calculates the loads at specified surface points at 
specified times. 
100 
The Noise Procedure is completed through the execution of the Subsonic 
Propeller Noise Module (SPN) and the Propeller Trailing Edge Module (PTE). SPN 
calculates the periodic acoustic pressure signal and spectrum of a propeller with subsonic 
tip speed. PTE predicts the broadband and tonal noise due to the interaction of the blade 
turbulent boundary layer with the trailing edge. 
The fourth procedure interprets data relating to the Flight Path of the propeller and 
executes the Atmospheric Module (ATM), the Atmospheric Absorption Module (ABS), 
the Steady Flyover Module (SFO) and the Geometry Module (GEO). ATM creates a 
table of atmospheric properties as a function of altitude. ABS calculates and creates a 
table of the atmospheric absorption coefficient in dB/wavelength as a function of both 
altitude and frequency. SFO produces flight dynamic data for steady state flyover and 
creates a table including time, distance and altitude at each time step. GEO calculates the 
source to observer geometry. 
The Propagation Procedure utilizes the function modules PRT, PRO, LEV and 
EFF. The Tone Propagation Module (PRT) and Propagation Module (PRO) transforms 
the noise data calculated in the noise procedure from the source frame of reference to the 
observer frame of reference. The Noise Levels Module (LEV) sums the noise unit 
members propagated from different source noise coordinate systems and computes the 
requested noise levels for either 1/3 octave or narrow band noise data. The Effective 
Noise Module (EFF), computes the effective noise level as a function of observer 
position. [25] 
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Blade Shape Module (RBS): 
The following is a brief review of the theories used in the Propeller Analysis 
section of the ANOPP program. The blade geometry is entered into the input file, in 
cartesian coordinates, however a numerical description of the airfoil will allow for better 
noise prediction. Since the entire system depends on the accuracy of the blade surface 
model, the function of the Blade Shape Module (RBS), is to formulate a functional 
representation of the blade suitable for aerodynamic and aeroacoustic calculations. The 
blade is defined by the user in terms of its position, orientation and shape. [39] These are 
entered in terms of the coordinates of the leading edge, the section chord, the leading 
edge radius, the shape of the airfoil section in terms of coordinates along the upper and 
lower surface, and the section twist angle 0T. The twist angle is defined as the angle 
between the chord line and the y-z plane. RBS takes this airfoil data and transforms it into 
an elliptical coordinate system using the Joukowski transformation. [7] 
b2 
z = ^ + ^ r (A1) 
where: 
4" = be^2^ (A2) 
A modified version of RBS also exists, it is the Improved Blade Shape Module 
(IBS). IBS uses the same theory as RBS, however, the input quantities are normalized 
with respect to blade length. That is, the spanwise location, the leading edge coordinates 
and the chord length are all normalized. It also creates an additional output table 
containing the maximum thickness location and the trailing edge thickness for each 
section. 
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Rotating Blade Aerodynamics Module (RBA): 
The rotating aerodynamic module takes the converted geometry tables from RBS, 
the Mach number and angle of attack, and calculates the potential field around each 
airfoil section. This is done with Theodorsen's method using the Kutta condition to fix 
the circulation. The Theodorsen and Joukowski transforms are used to map the flow 
around a perfect cylinder into the flow around an airfoil. The output of this section is the 
section lift coefficients, the pressure coefficients and the leading edge stagnation 
point. [40] The Theodorsen transformation maps the ^-plane of the perfect circle into the 
'^-plane of the near-circle: 
( c ^ (A3) 
The constant c„ is found from the airfoil shape in the ^ '-plane. These constants are solved 
for numerically, which reveals the trailing edge of the airfoil is displaced by a small angle 
87 from the real axis of the <^ -plane. To satisfy the Kutta condition for flow around a 
cylinder, this point must be a stagnation point, so that the trailing edge velocities are 
finite. 
The complex flow around a perfect circle is determined by: 
( - 2 A 
W(0 = M +
 5 (M) 
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Where a is the angle of attack, a is the radius of the circle, M is the local angle of attack 
and T is the circulation. The trailing and leading edge stagnation point are calculated 
respectively by: 
= »f>l£T £T = ae (A5) 
^S L =ae
i ( 2 a
-*
T + ; r ) (A6) 
The circulation is: 
T = 47caM sin(a - sT) (A7) 
The coefficient of lift is determined from the cross product of the velocity vector with the 
circulation vector and yields: 
4a C/ = In—sin(<z - sT) 
c 
(A8) 
The pressure coefficient determined by the velocity in the z-plane of the airfoil: 
CP = 1 -
W(z) 
M 
(A9) 
The complex velocity in the z-plane is: 
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W(z) = 
dC 
(A10) 
The modified version of RBA is the Improved Blade Section Aerodynamics 
Module (IBA) is the same except that it incorporates the following modifications. The 
number of Fourier series terms in the conformal mapping coefficients has been increased. 
There are also several correction factors added. There is an option to use the Glauert 
compressibility correction, the Karman-Tsien correction or no correction, when 
computing pressure coefficients. The Glauert compressibility correction may also be 
used when determining the lift coefficients. There is also a limiting check for the 
pressure coefficient, for high negative coefficients, based on the method of Carlson and 
Walkley.[41] The IB A also creates separate tables for the lift coefficient and stagnation 
points. If the Glauert condition is chosen for pressure correction, equation (A9) becomes: 
c„ = VT ivr 
(All) 
If the actual Mach number is greater than 0.7, then M defaults to 0.7, since Glauert is not 
valid above 0.7. If the Karman-Tsien correction method is chosen, then: 
c = 
VT Mr + M' 
(A12) 
w 1 + V1-M 2 2 
For the lift coefficient, if the Glauert Compressibility correction is used: 
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C 7 = , ° = (A13) vrr^2 
Where the same restrictions apply for the Mach number as above. 
Boundary Layer Module (BLM): 
BLM and the Improved Boundary Layer Module (IBL), calculate the two 
dimensional boundary layer on each airfoil section using either the integral method for 
boundary-layer thickness or the zero pressure gradient flat plate model described by 
Schlichting.[42] The governing equations for boundary-layer thickness are the integral 
momentum equation and the integral energy equation: 
dS2(x) f2 + H12 dUV , N „ 
— ^ + -S3(x) = CD (A15) 
dx U 
H12 is the shape factor, and is a function of the thickness 82 and 83 and the external 
velocity gradient dU/dx. CF is the local wall shear stress coefficient and CD is the energy 
dissipation coefficient. The wall shear stress coefficient is known in the laminar layer 
from the boundary layer velocity profile. Equation Al4 is integrated to find 52(x) 
without solving for the energy thickness, by the method of Holstein and Bohlen. Both 
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equations are integrated in the turbulent region using the Truckenbrodt method. The 
coefficients CT and CD are given by empirical functions in the turbulent region. The 
profile drag is computed for each section using the method of Young and Squire. [42] 
This method assumes that the wake thickness at infinity is estimated using the empirical 
formula: 
x3.2 /u(xTy (A16) 
the section drag coefficient is: 
C d = 2 ^ p j (A17) 
The drag coefficient is referred to the chord. BLM also computes the skin friction 
coefficient Cf which is used in the performance module. The trailing edge thickness are 
used in PTE for the computation of broadband trailing-edge noise. The improved 
Boundary Layer Module (IBL), uses a xero pressure gradient flat plate model. In this 
model, the skin friction increases with distance from the leading edge, normalized by the 
chord length and are computed empirically by: [41] 
1 
C f =0.0576(Rn-x)5 (A18) 
where Rn is: 
R „ = ^ (A19) 
V 
The trailing edge turbulent boundary layer thickness is computed by: 
^(x) = 0.37(Rnx) -0.2 
The displacement (5i(x)) and momentum thickness (82(x)) are: 
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(A20) 
*i (x) = 
S(x) 
and 52 (x) = 72 (A21) 
Propeller Performance Module (PRP): 
In order to predict blade loading and noise, it is necessary to know the velocity 
field in which the propeller operates. Thrust and efficiency are required for flight path 
calculations. Thus, it is necessary to determine the induced velocity field. PRP computes 
the induced velocity field, the thrust coefficient, the power coefficient and the efficiency 
of a propeller under given operating conditions. PRP uses the tables of drag and lift 
coefficients that were calculated by RBA and RBS, to predict the thrust and performance 
coefficients for the given tip and forward Mach numbers. The helical Mach number is 
calculated from M at the given section and M.[43] The differential components of lift 
and drag for each section are rotated through the inflow angle <|> to give the differential 
thrust and torque. 
T = - N | fv2C(r)(Q cos<f>-Cd sin<t>)dr (A22) 
and: 
P = - N 
2 
JrCV2 (r)(Q sin^ + Cd cos^)dr (A23) 
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These are integrated over the blade surface and convered to the performance coefficients 
CP and CT 
T P 
CT = 7T2— and CV=7T3- (A24&A25) 
T
 4 p 4 
and the efficiency is given by: 
77 = l | (A26) 
where is the average advance ratio. 
Propeller Loading Module (PLD): 
To predict the noise for a rotating blade, the forces exerted on the blades must first 
be predicted. These values are to be determined at specified points and for basic periodic 
time intervals so that a value can be found at any point in space and time. The propeller 
loading module produces this data in an array of loads at specified points and for 
specified times. The blade loads are computed by combining the results of PRP, BLM, 
RBA and RBS. The tables of stresses and loading coefficients are interpolated and 
become time dependent values. [44] The tables produced by the loading module are 
passed to the noise prediction module. 
PLD computes the aerodynamic loads on a rigid propeller blade that are generated 
as a propeller operates in a given flow. Mach number and angle of attack are defined in 
terms of an aircraft fixed cylindrical coordinate system, as shown in Figure Al. 
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Figure Al. Aircraft-Fixed Coordinate System.[44] 
The thrust and torque loading forces are defined by: 
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Fq(^«/) = iv2C(^){c/[^1,a(^^),M(^^)]sin^ (A28) 
" Q[£i>^iy)>M(£y)]cos^} 
Net thrust and torque forces are obtained by integrating with respect to the radial variable. 
F T = (A29) 
Figure A2 shows a blade section, with its resultant forces and angles. 
Figure A2. Blade Section Vector Diagram. [44] 
I l l 
Subsonic Propeller Noise Module (SPN): 
This module calculates the periodic acoustic pressure and spectrum for a 
propeller, using the Ffowcs Williams-Hawkings equation, neglecting the quadrupole 
source terms. 
i <?y d in. 
c> a- "
vV=fMW>]-|:IW/>| (A30) 
Where p' is the acoustic pressure, vn is local normal velocity of the blade and l-x is the 
local force per unit area of the blade acting on the fluid. The density and speed of sound 
are p0 and c. The two terms on the right side of the equation denote the thickness and 
loading noise sources.[20] This equation is given in Cartesian coordinates, in the ground 
fixed frame of reference. Converting this to a blade-fixed frame of reference we obtain: 
4*'(*,0 = -4f 
c dt 
Pocvn + h 
Hl-Mj |V/|*(/)df7 + J 
J f 
/ . 
r
z\\-M, 
\W\S(f)d7j 
(A31) 
x is the time that the sound is emitted from the source at position y(x) and t is the time 
that it is received at the observer, as shown in Figure A3. The value r is the difference 
between the observer and source positions: 
r=x(t)-y(z) (A32) 
Broadband trailing edge noise is calculated in PTE, using the method of Schlinker and 
Amiet.[20] 
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Figure A3. Farassat's Method for Predicting Subsonic Propeller Noise.[39] 
APPENDIX B 
SAMPLE CODE FOR ANOPP-PAS INPUT JOB 
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The following pages contain the input file for the 2-bladed reference propeller. 
This file is in reality a small program that is used to execute the various modules of the 
ANOPP-PAS program. The input job is used to set up the propeller's geometry and its 
operating conditions. It is also used to set up tables of Mach numbers and angle of attack 
which are used to calculate the aerodynamic characteristics of the propeller at its various 
stations as well as defining numerous parameters needed to run the program. 
ANOPP JECHO=.TRUE. JLOG=.FALSE. LENGL=38000 $ 
STARTCS $ 
$ 
$ Test Propeller Blade 6.5-44ser - 76in Blade NACA 44 series 
$ Elliptic Tip Section 
$ Improved Blade Modules - 6.5 inch max chord 
$ from 0.8 to hub 
$ 
$Created 02/19/97 
$ 
$ steady-level flyover at 1000 feet 
$ increase mach table and alpha table 
$ 
$ SPECIFY 21 EVENLY SPACED CHORDWISE GRID POINTS 
$ 
UPDATE NEWU=GRID SOURCE=* $ 
-ADDR OLDM=* NEWM=XI2 FORMAT=4H*RS$ MNR=1 $ 
.00 .05 .10 .15 .20 .25 .30 .35 
.40 .45 .50 .55 .60 .65 .70 .75 
.80 .85 .90 .95 1.0$ 
END*$ 
$ 
PARAMR=1.0IUNITS=2HSI $ 
CREATE GEOM$ 
UPDATE NEWU=GEOM SOURCE=* $ 
-ADDR NEWM=BLADE OLDM=* FORMAT=0 $ 
11$ NO. OF RADIAL SECTIONS 
1,1,4,3,2 $ 
.2000-.0351 .0629 .1711 .0356 65.03 18 17 $ STA 7.6 NACA 4418 
0. 0.0000 $ 
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0.0125 0.0376$ 
0.0250 0.0500 $ 
0.0500 0.0675 $ 
0.0750 0.0806 $ 
0.1000 0.0911$ 
0.1500 0.1066$ 
0.2000 0.1172$ 
0.2500 0.1240$ 
0.3000 0.1276$ 
0.4000 0.1270$ 
0.5000 0.1185$ 
0.6000 0.1044$ 
0.7000 0.0855 $ 
0.8000 0.0622 $ 
0.9000 0.0346 $ 
0.9500 0.0189$ 
1.0000 0.0000$ 
0.0125 -0.0211$ 
0.0250 -0.0299 $ 
0.0500 -0.0406 $ 
0.0750 -0.0467 $ 
0.1000 -0.0506$ 
0.1500 -0.0549$ 
0.2000 -0.0556 $ 
0.2500 -0.0549 $ 
0.3000 -0.0526 $ 
0.4000 -0.0470 $ 
0.5000 -0.0402 $ 
0.6000 -0.0324 $ 
0.7000 -0.0245 $ 
0.8000 -0.0167 $ 
0.9000 -0.0093 $ 
0.9500 -0.0055 $ 
1.0000 -0.0000$ 
.4000-.0548 .0468 .1711 .0248 44.70 18 17 $ STA 15.2 NACA 4415 
0. 0.0000 $ 
0.0125 0.0307 $ 
0.0250 0.0417$ 
0.0500 0.0574 $ 
0.0750 0.0691 $ 
0.1000 0.0784$ 
0.1500 0.0927$ 
0.2000 0.1025$ 
0.2500 0.1092$ 
0.3000 0.1125$ 
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0.4000 0.1125$ 
0.5000 0.1053$ 
0.6000 0.0930 $ 
0.7000 0.0763 $ 
0.8000 0.0555 $ 
0.9000 0.0308 $ 
0.9500 0.0167 $ 
1.0000 0.0000$ 
0.0125 -0.0179$ 
0.0250 -0.0248 $ 
0.0500 -0.0327 $ 
0.0750 -0.0371 $ 
0.1000 -0.0398$ 
0.1500 -0.0418$ 
0.2000 -0.0415$ 
0.2500 -0.0398 $ 
0.3000 -0.0375 $ 
0.4000 -0.0325 $ 
0.5000 -0.0272 $ 
0.6000 -0.0214 $ 
0.7000 -0.0155$ 
0.8000 -0.0103$ 
0.9000 -0.0057 $ 
0.9500 -0.0036 $ 
1.0000 -0.0000$ 
.5000-.0595 .0406 .1711 .0158 38.49 18 17 $ STA 19 NACA4412 
.7000-.0648 .0315 .1711 .0158 30.11 18 17 $ STA 26.6 NACA4412 
.7500-.0659 .0290 .1711 .0158 27.98 18 17 $ STA 28.5 NACA 4412 
.8000-.0669 .0267 .1711 .0158 26.01 18 17 $ STA 30.4 NACA 4412 
0. 0.0000 $ 
0.0125 0.0244$ 
0.0250 0.0339 $ 
0.0500 0.0473 $ 
0.0750 0.0576 $ 
0.1000 0.0659$ 
0.1500 0.0789$ 
0.2000 0.0880 $ 
0.2500 0.0941 $ 
0.3000 0.0976 $ 
0.4000 0.0980 $ 
0.5000 0.0919$ 
0.6000 0.0814 $ 
0.7000 0.0669 $ 
0.8000 0.0489 $ 
0.9000 0.0271 $ 
0.9500 0.0147 $ 
1.0000 0.0000$ 
0.0125 -0.0143$ 
0.0250 -0.0195$ 
0.0500 -0.0249 $ 
0.0750 -0.0274 $ 
0.1000 -0.0286$ 
0.1500 -0.0288$ 
0.2000 -0.0274 $ 
0.2500 -0.0250 $ 
0.3000 -0.0226 $ 
0.4000 -0.0180$ 
0.5000 -0.0140 $ 
0.6000 -0.0100$ 
0.7000 -0.0065 $ 
0.8000 -0.0039 $ 
0.9000 -0.0022 $ 
0.9500 -0.0016$ 
1.0000 -0.0000$ 
.8500-.0660 .0232 .1661 .00887 23.58 17 16 $ STA 32.3 NACA 4409 
.9000-.0604 .0192 .1504 .00887 21.87 17 16 $ STA 34.2 NACA 4409 
.9500-.0485 .0139 .1197 .00887 20.26 17 16 $ STA 36.1 NACA 4409 
0. 0.0000 $ 
0.00980 0.01641 $ 
0.02139 0.02410$ 
0.04541 0.03565 $ 
0.06995 0.04468 $ 
0.09479 0.05225 $ 
0.14502 0.06418$ 
0.19572 0.07284$ 
0.29775 0.07284 $ 
0.40000 0.08351 $ 
0.50088 0.07859 $ 
0.60152 0.06976$ 
0.70183 0.05742$ 
0.80174 0.04180$ 
0.90120 0.02302 $ 
0.95073 0.01239$ 
1.0000 0.00000$ 
0.01520 -0.01149$ 
0.02861 -0.01442$ 
0.05459 -0.01691 $ 
0.08005 -0.01750$ 
0.10521 -0.01725$ 
0.15498 -0.01542$ 
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0.20428 -0.01284$ 
0.30225 -0.00746$ 
0.4000 -0.00351 $ 
0.49912 -0.00081 $ 
0.59848 0.00136$ 
0.69817 0.00258$ 
0.79826 0.00264 $ 
0.89880 0.00142 $ 
0.94927 0.00037 $ 
1.0000 -0.0000 $ 
.9750-.0385 .0103 .0946 .00394 19.19 17 16 $ STA 37.05 NACA 4406 
.9950-.0259 .0067 .0635 .00394 18.83 17 16 $ STA 37.81 NACA 4406 
0. 0.0000 $ 
0.01070 0.01176$ 
0.02259 0.01769$ 
0.04694 0.02688 $ 
0.07163 0.03432 $ 
0.09653 0.04066 $ 
0.14668 0.05090 $ 
0.19715 0.05855$ 
0.29850 0.06747 $ 
0.40000 0.06901 $ 
0.50059 0.06536 $ 
0.60101 0.05836$ 
0.70122 0.04828 $ 
0.80116 0.03528$ 
0.90080 0.01942$ 
0.95049 0.01041 $ 
1.0000 0.00000$ 
0.01430 -0.00684$ 
0.02741 -0.00801 $ 
0.05306 -0.00814$ 
0.07837 -0.00714$ 
0.10347 -0.00566$ 
0.15332 -0.00214$ 
0.20285 0.00145 $ 
0.30150 0.00753$ 
0.4000 0.01099$ 
0.49941 0.01243$ 
0.59899 0.01276$ 
0.69878 0.01172$ 
0.79884 0.00916$ 
0.89920 0.00502 $ 
0.94951 0.00235 $ 
1.0000 -0.0000 $ 
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$ 
$ 
$ 
$ 
$ 
$ 
$ 
END*$ 
COMPUTE SMOOTH BLADE SHAPE USING IBS MODULE 
EXECUTE IBS $ 
COMPUTE BLADE AERODYNAMICS WITH IBA & IBL MODULE 
PARAM NBLADE=2, MACHRF=0.71283,MZ=0.24192 $ 
EVALUATE R= 38. * .0254 $ CONVERT INCHES TO METERS 
PARAM VNU = .17894E-04 CA= 340.29 $ 
EVALUATE RINF = CA * R / VNU $ 
PARAM IPRINT=3 NORDER=4 $ 
CREATEIBA$ 
UPDATE NEWU=IBA SOURCE=* 
-ADDR NEWM=MACH OLDM=* 
0.15 0.3 0.5 0.7 0.9$ 
NEWM=ALPHA OLDM=* 
-9.-6. -3.0.0 3. 5. 8. 11. $ 
0.1 
-ADDR 
-12. 
END*$ 
EXECUTEIBA $ 
EXECUTEIBL $ 
$ 
FORMAT=4H*RS$ MNR=1$ 
FORMAT=4H*RS$ MNR=1$ 
$ THE FOLLOWING PARAMETERS DEFINE THE FLYOVER CONDITIONS: 
$ 
$ Flight Path Angle in Degrees 
$ PROPELLER ANGLE OF ATTACK IN 
PARAM PATHANG = 0. 
$ PARAM PROPANG = 1.15 
DEGREES 
PARAM RPM =2400. $ 
EVALUATE RPS = RPM / 60. 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
CA = 342.5 
RHOA= 1.162 
R = 38. 
NBLADE = 2 
ORIG = 27.98 
NHARM = 20 
NTIME = 256 
IDPDT = 0 
$ 
$ 
$ 
$ 
$ 
$ 
$ 
$ 
$ 
RX = 5. $ 
$ 
SPEED OF SOUND IN METERS/SEC 
DENSITY IN KG/METERS**3 
BLADE LENGTH IN INCHES 
NUMBER OF BLADES 
BLADE TWIST FROM ROOT TO 3/4 SPAN 
NUMBER OF HARMONICS DESIRED 
NUMBER OF TIME POINTS IN WAVE FORM 
FLOW IS STEADY DUE TO PROPELLER 
ANGLE OF ATTACK 
SOURCE RADIUS TO BE 5 PROPELLER RADII PARAM 
$ 
$ STANDARD ATMOSPHERE IS LOADED FROM SYSTEM LIBRARY 
$ 
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LOAD /LIBRARY/ PROCLIB $ 
CALL PROCLIB(ATMSTD) $ 
$ 
$ THE COMPUTATIONAL GRID ON THE BLADE SURFACE IS NOW 
$ DEFINED 
$ 
UPDATE NEWU=GRID SOURCE=* $ 
-ADDR OLDM=" NEWM=XI1 FORMAT=4H*RS$ $ 
0.20 0.25 0.30 0.35 
0.40 0.45 0.50 0.525 0.55 0.575 0.60 
0.625 0.65 0.675 0.70 0.725 0.75 0.775 
0.80 0.8125 0.825 0.8375 0.85 0.8625 0.875 
0.90 0.92 0.94 0.95 0.96 0.97 0.98 0.995 $ 
-ADDR OLDM=* NEWM=XI2 FORMAT=4H*RS$ $ 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 
0.35 0.375 0.40 0.425 
0.45 0.475 0.50 0.525 0.55 0.575 
0.60 0.625 0.65 0.70 
0.75 0.80 0.85 0.90 0.95 1.00 $ 
-ADDR OLDM=* NEWM=PSI FORMAT=4H*RS$ $ 
0.00 0.25 0.50 1.0 $ 
END*$ 
$ 
$ EVALUATE CONTROL STATEMENTS ARE USED TO COMPUTE 
$ ADDITIONAL REQUIRED QUANTITIES. 
$ 
EVALUATE R = R / 12. * 0.3048 
$ CONVERT BLADE LENGTH TO METERS 
$ run 1 
$ 
PARAM BETA75 = 24.34 $ 
PARAM VKNOTS = 160. $ 
$ 
EVALUATE BETA = BETA75 - ORIG $ COMPUTE ROOT PITCH IN 
$ DEGREES 
PARAM IMPROV =.TRUE. $ 
PARAM PI =3.1416 $ 
EVALUATE THETAR = BETA * PI / 180. 
$ CONVERT ROOT PITCH TO RADIANS 
$ EVALUATE ALPHAP = PROPANG * PI /180. 
$ CONVERT PROPELLER ANGLE OF ATTACK TO 
$ RADIANS 
EVALUATE VF = VKNOTS * 0.514444444 
$ CONVERT VELOCITY FROM KNOTS TO 
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EVALUATE MZ = VF / CA $ COMPUTE FORWARD MACH NUMBER 
EVALUATE OMEGA = 2. * PI * RPS 
$ COMPUTE ANGULAR VELOCITY 
EVALUATE MACHRF = R * OMEGA / CA 
$ COMPUTE ROTATIONAL TIP MACH NUMBER 
EXECUTE PRP $ 
$ 
$ 
$ THE SOUND FIELD ARRAYS MUST ALSO BE DEFINED. 
$ 
UPDATE NEWU=SFIELD SOURCE=* $ 
-ADDR OLDM=* NEWM=FREQ FORMAT=4H*RS$ $ 
50. 63. 80. 100. 125. 160. 200. 250. 315. 400. 500. 
630. 800. 1000. 1250. 1600. 2000. 2500. 3150. 4000. 
5000.6300.8000.10000. $ 
-ADDR OLDM=* NEWM=THETA FORMAT=4H*RS$ $ 
1. 15. 30. 45. 60. 75. 90. 105. 120. 135. 150. 165. 179. $ 
-ADDR OLDM=* NEWM=PHI FORMAT=4H*RS$ $ 
0. $ 
END*$ 
$ 
$ ADDITIONAL OUTPUT CONTROL PARAMETERS ARE REQUIRED 
$ 
PARAM IATM = 0 $ USE ATMOSPHERIC USER PARAMETERS 
PARAM IOUT = 1 $ GENERATE FARFIELD NOISE TABLE IN SPN, 
$ PRODUCE OUTPUT MEMBERS IN SFO, AND 
LAB2 CONTINUE $ 
$ 
$ NOW THAT THE POWER COEFFICIENT HAS CONVERGED, THE LOADS 
$ AND NOISE SIGNATURE IS COMPUTED 
$ 
EXECUTE PLD $ COMPUTE LOADS 
PARAM I PRINT = 4 $ 
EVALUATE THRUST = 4. * CT * RHOA * R * R * VF * VF $ 
EVALUATE THRUST = THRUST / JRATIO / JRATIO $ 
UPLIST $ 
$ PARAM ALPHA = ALPHAP $ RENAME PROPELLER ANGLE OF 
ATTACK 
$ 
EXECUTE SPN $ PREDICT NOISE 
$ 
PARAM I PRINT = 3 $ 
EXECUTE PTE $ 
$ 
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$ THE FLIGHT PATH IS NOW DEFINED USING THE STEADY FLYOVER 
$ MODULE 
$ 
$ ADDITIONAL USER $ PARAMETERS ARE 
$ 
VA = VF $ 
VI = VA $ 
ENGNAM = 3HXXX $ 
TT = -20. $ 
Tl = TT $ 
TSTEP=1.0 $ 
THW = PATHANG $ 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
PARAM 
EVALUATE XA = TT*VA 
$ 
PARAM XI = XA 
PARAM YA = 0. 
PARAM Yl = YA 
PARAM ZA = 304.785 
PARAM Zl = ZA 
PARAM TF=10. 
EVALUATE XF = TF*VA 
PARAM ZF = 304.785 
PARAM ALPHA = PROPANG 
SET FORWARD SPEED 
SET INITIAL FORWARD SPEED 
SET MEMBER NAME $ $ PARAMETER 
SET START TIME IN SECONDS 
SET INITIAL START TIME IN SECONDS 
SET TIME STEP IN SECONDS 
SET PATH ANGLE 
$ COMPUTE STARTING X POSITION 
$ SET INITIAL STARTING X POSITION 
$ SET STARTING Y POSITION 
$ SET INITIAL STARTING Y POSITION 
$ COMPUTE STARTING Z POSITION 
$ SET INITIAL STARTING Z POSITION 
$ SET FINAL TIME IN SECONDS 
$ COMPUTE FINAL X POSITION 
PARAM 
PARAM 
ZOPT = 2 
PLG = 4HUP 
$ COMPUTE FINAL Z POSITION 
$ RESET PROPELLER ANGLE OF 
$ ATTACK TO DEGREES 
$ ALTITUDE OPTION 
$ LANDING GEAR POSITION 
$ 
$ 
$ 
$ 
$ 
$ 
$ 
EXECUTE SFO MODULE USING DEFAULT VALUES FOR REMAINING 
PARAMETERS 
EXECUTE SFO $ 
RESET PARAMETERS FOR GEOMETRY MODULE 
PARAM START = -20. 
PARAM STOP = TF 
PARAM DELT = 0.5 
PARAM DELDB = 20. 
PARAM ICOORD=1 
$ START TIME IN SECONDS 
$ ENDING TIME IN SECONDS 
$ RECEPTION TIME INCREMENT IN SECONDS 
$ GO TO 20 DB DOWN POINTS 
$ REQUEST BODY AXIS ONLY 
THE REMAINING PARAMETERS USE DEFAULT VALUES. THE 
LOCATION OF THE OBSERVERS ARE INPUT IN METERS REFERENCE 
TO THE POINT 2500 METERS FROM BRAKE RELEASE. THE PRIMARY 
MICROPHONE POSITION IS AT THAT POINT. THE SECONDARY 
POSITION IS AT 1890 METERS FROM BRAKE RELEASE WHICH 
CORRESPONDS TO AN X COORDINATE OF -610 METERS. BOTH 
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$ FLUSH AND 1.2 METER MICROPHONES WERE USED. THE OBSERVER 
$ INPUT MEMBER IS: 
$ 
UPDATE NEWU=OBSERV SOURCE=* $ 
-ADDR OLDM=* NEWM=COORD FORMAT=4H3RS$ $ 
0. 0. 0. $ PRIMARY MIC - GROUND 
0. 0. 1.2 $ PRIMARY MIC 1.2 METER 
END*$ 
$ 
$ EXECUTE GEOMETRY MODULE 
$ 
EXECUTE GEO $ 
$ 
$ NOW, THE PARAMETERS ARE DEFINED FOR THE TONE 
$PROPAGATION (PRT) MODULE 
$ 
EVALUATE DELF = RPS * NBLADE 
$ BANDWIDTH IS BLADE PASSING FREQUENCY 
EVALUATE RS = RX * R $ CONVERT TO DIMENSIONAL SOURCE 
$ RADIUS 
PARAM SURFACE = 4HSOFT $ SOFT BOUNDARY 
PARAM ABSORP = TRUE. $ PREDICT STANDARD ABSORPTION 
$EFFECT 
PARAM GROUND = TRUE. $ PREDICT GROUND EFFECTS 
$ 
$ TONE PROPAGATION MODULE IS EXECUTED WITH REMAINING 
$PARAMETERS DEFAULTED 
$ 
EXECUTE PRT YYYYYY=SPN GEOM=BODY $ 
$ 
$ THE NOISE LEVELS MODULE (LEV) IS EXECUTED TO COMPUTE 
$ FREQUENCY INTEGRATED LEVELS. ONLY NARROW BAND LEVELS 
$ ARE COMPUTED. 
$ 
PARAM NAWT=TRUE. NDWT=TRUE. NOSPL=TRUE. 
$ SET NARROW BAND LEVEL FLAGS TO TRUE 
PARAM IAWT=TRUE. IDWT=TRUE. IOSPL=TRUE. IPNL=TRUE. 
IPNLT=TRUE. $ SET 1/3-OCTAVE BAND LEVEL FLAGS TO FALSE 
PARAM MEMSUMN=4HPRT 4HPRES $ DEFINE INPUT MEMBER 
$ 
124 
$ THE LEV MODULE IS NOW EXECUTED 
$ 
EXECUTE LEV $ 
$ 
EXECUTE EFF $ 
$ END OF JOB 
$ 
GOTO LAB4 $ 
LAB3 CONTINUE $ 
UPLIST $ 
LAB4 CONTINUE $ 
ENDCS $ 
APPENDIX C 
ACOUSTIC DATA FOR THE 2-BLADED 
REFERENCE PROPELLER 
125 
126 
Appendix C contains the Near-field data for all 13 observers, the Far-field data for 
the two observers and the corresponding graphs for the 2-bladed reference propeller. This 
data is included for completeness and comparison purposes. 
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Table C.l. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 1 - Directivity Angle 1° 
I OASPL 39.fi I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
33.86 
-34.72 
-71.92 
-77.87 
-81.71 
-84.53 
-86.71 
-88.48 
-89.95 
-91.20 
-92.29 
-93.26 
-94.12 
-94.90 
-95.62 
-96.27 
-96.88 
-97.45 
-97.98 
-98.48 
LOADING 
NOISE 
(dB) 
33.61 
-38.76 
-70.90 
-75.71 
-78.69 
-80.85 
-82.53 
-83.91 
-85.09 
-86.11 
-87.02 
-87.84 
-88.59 
-89.27 
-89.91 
-90.49 
-91.04 
-91.56 
-92.05 
-92.51 
OVERALL 
NOISE 
(dB) 
39.59 
-30.97 
-65.38 
-70.73 
-74.09 
-76.52 
-78.40 
-79.92 
-81.20 
-82.31 
-83.28 
-84.15 
-84.93 
-85.64 
-86.30 
-86.91 
-87.48 
-88.01 
-88.51 
-88.98 
RMS 
AMPLITUDE 
(PASCALS) 
1.91E-03 
5.66E-07 
1.08E-08 
5.81E-09 
3.95E-09 
2.99E-09 
2.40E-09 
2.02E-09 
1.74E-09 
1.53E-09 
1.37E-09 
1.24E-09 
1.13E-09 
1.04E-09 
9.68E-10 
9.03E-10 
8.46E-10 
7.95E-10 
7.51E-10 
7.11E-10 
PHASE 
(DEG) 
18.40 
51.11 
36.89 
44.46 
50.29 
54.69 
58.03 
60.61 
62.60 
64.17 
65.40 
66.36 
67.12 
67.71 
68.16 
68.50 
68.75 
68.92 
69.02 
69.07 
Figure C.l. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 1 @ Polar Directivity Angle 1° 
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Table C.2. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 2 - Directivity Angle 15° 
lOASPI, i 8fi,3 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(HZ) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(DB) 
80.63 
59.24 
35.63 
11.25 
-13.25 
-38.58 
-46.65 
-49.17 
-51.19 
-52.99 
-54.60 
-56.07 
-57.42 
-58.66 
-59.81 
-60.87 
-61.87 
-62.80 
-63.68 
-64.50 
LOADING 
NOISE 
(DB) 
80.08 
55.06 
29.92 
4.67 
-19.51 
-45.76 
-45.26 
-47.83 
-49.83 
-51.61 
-53.20 
-54.64 
-55.94 
-57.14 
-58.24 
-59.26 
-60.21 
-61.09 
-61.91 
-62.69 
OVERALL 
NOISE 
(DB) 
86.26 
63.01 
38.87 
14.30 
-10.03 
-35.74 
-39.91 
-42.47 
-44.48 
-46.26 
-47.87 
-49.33 
-50.65 
-51.87 
-53.00 
-54.04 
-55.01 
-55.92 
-56.77 
-57.57 
RMS 
AMPLITUDE 
PA 
4.11E-01 
2.83E-02 
1.76E-03 
1.04E-04 
6.30E-06 
3.27E-07 
2.02E-07 
1.51E-07 
1.19E-07 
9.72E-08 
8.08E-08 
6.84E-08 
5.87E-08 
5.10E-08 
4.48E-08 
3.97E-08 
3.55E-08 
3.20E-08 
2.90E-08 
2.64E-08 
PHASE 
(DEG) 
15.14 
-159.79 
32.25 
-134.43 
55.78 
-62.04 
14.41 
9.21 
10.30 
10.94 
11.64 
12.33 
13.03 
13.71 
14.40 
15.06 
15.72 
16.35 
16.97 
17.57 
1.70E-01 
Figure C.2. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 2 @ Polar Directivity Angle 15° 
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Table C.3. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 3 - Directivity Angle 30° 
I OASPT, 97.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
i 10 i i 
12 
13 
14 
15 
1 6 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
91.83 
81.76 
69.43 
56.33 
42.87 
29.20 
15.42 
1.51 
-12.30 
-26.82 
-38.76 
-65.40 
-54.68 
-58.25 
-58.80 
-59.98 
-60.95 
-61.90 
-62.79 
-63.63 
LOADING 
NOISE 
(dB) 
90.46 
76.42 
62.64 
48.78 
35.00 
21.28 
7.65 
-6.13 
-19.25 
-35.00 
-41.58 
-50.13 
-49.51 
-51.21 
-52.25 
-53.34 
-54.33 
-55.27 
-56.15 
-56.98 
OVERALL 
NOISE 
(dB) 
97.16 
85.23 
72.39 
59.12 
45.63 
32.00 
18.30 
4.45 
-9.12 
-24.10 
-34.05 
-49.60 
-45.79 
-48.08 
-48.98 
-50.11 
-51.10 
-52.04 
-52.93 
-53.77 
RMS 
AMPLITUDE 
(PASCALS) 
1.44E+00 
3.65E-01 
8.32E-02 
1.81E-02 
3.82E-03 
7.96E-04 
1.64E-04 
3.34E-05 
7.00E-06 
1.25E-06 
3.97E-07 
6.62E-08 
1.03E-07 
7.89E-08 
7.11E-08 
6.25E-08 
5.57E-08 
5.00E-08 
4.51E-08 
4.10E-08 
PHASE 
(DEG) 
6.20 
75.66 
-6.97 
71.83 
-9.20 
69.66 
11.56 
66.82 
13.92 
60.62 
-9.22 
35.60 
7.10 
11.57 
10.64 
11.15 
11.34 
11.63 
11.91 
12.20 
Figure C.3. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 3 @ Polar Directivity Angle 30° 
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Table C.4. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 4 - Directivity Angle 45° 
I OASPI, 103.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
97.43 
93.21 
86.66 
79.32 
71.59 
63.63 
55.54 
47.35 
39.10 
30.80 
22.46 
14.08 
5.68 
-2.74 
-11.22 
-19.64 
-28.24 
-36.63 
-45.05 
-54.69 
LOADING 
NOISE 
(dB) 
95.22 
85.63 
77.61 
69.61 
61.60 
53.61 
45.64 
37.67 
29.69 
21.68 
13.66 
5.59 
-2.44 
-10.68 
-18.47 
-27.32 
-34.26 
-43.41 
-50.23 
-51.82 
OVERALL 
NOISE 
(dB) 
102.37 
96.16 
89.12 
81.61 
73.84 
65.91 
57.87 
49.75 
41.58 
33.36 
25.11 
16.83 
8.53 
0.16 
-8.11 
-16.66 
-24.71 
-33.56 
-41.69 
-47.97 
RMS 
AMPLITUDE 
(PASCALS) 
2.63E+00 
1.29E+00 
5.72E-01 
2.41E-01 
9.84E-02 
3.95E-02 
1.56E-02 
6.15E-03 
2.40E-03 
9.32E-04 
3.60E-04 
1.39E-04 
5.34E-05 
2.04E-05 
7.86E-06 
2.94E-06 
1.16E-06 
4.20E-07 
1.65E-07 
7.99E-08 
PHASE 
(DEG) 
-5.77 
38.93 
66.73 
89.80 
13.12 
44.06 
58.79 
-1.70 
55.30 
47.77 
9.04 
94.17 
62.41 
40.89 
15.55 
71.60 
30.24 
19.85 
67.82 
57.50 
Figure C.4. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 4 @ Polar Directivity Angle 45° 
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Table C.5. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 5 - Directivity Angle 60° 
I OASPL 107.fi I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
100.33 
99.44 
96.17 
92.06 
87.53 
82.77 
77.85 
72.82 
67.72 
62.57 
57.37 
52.13 
46.85 
41.55 
36.23 
30.88 
25.50 
20.10 
14.69 
9.26 
LOADING 
NOISE 
(dB) 
99.24 
89.54 
83.04 
77.89 
73.05 
68.25 
63.45 
58.62 
53.78 
48.90 
44.00 
39.06 
34.10 
29.12 
24.11 
19.07 
14.02 
8.96 
3.86 
-1.24 
OVERALL 
NOISE 
(dB) 
105.09 
101.73 
97.90 
93.60 
89.00 
84.23 
79.32 
74.33 
69.28 
64.17 
59.03 
53.85 
48.63 
43.39 
38.13 
32.85 
27.54 
22.22 
16.88 
11.52 
RMS 
AMPLITUDE 
(PASCALS) 
3.59E+00 
2.44E+00 
1.57E+00 
9.57E-01 
5.64E-01 
3.25E-01 
1.85E-01 
1.04E-01 
5.82E-02 
3.23E-02 
1.79E-02 
9.85E-03 
5.40E-03 
2.96E-03 
1.61E-03 
8.78E-04 
4.76E-04 
2.58E-04 
1.40E-04 
7.53E-05 
PHASE 
(DEG) 
16.87 
96.14 
39.01 
10.62 
18.99 
10.93 
19.34 
49.67 
79.99 
50.33 
79.40 
49.18 
80.98 
48.93 
18.90 
11.04 
19.09 
10.70 
40.39 
90.00 
Figure C.5. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 5 @ Polar Directivity Angle 60° 
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Table C.6. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 6 - Directivity Angle 75° 
I OASPL 110-1 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
101.39 
102.26 
100.68 
98.25 
95.38 
92.26 
88.97 
85.56 
82.08 
78.53 
74.93 
71.29 
67.62 
63.91 
60.18 
56.41 
52.63 
48.82 
44.99 
41.13 
LOADING 
NOISE 
(dB) 
104.05 
96.01 
88.50 
81.44 
74.73 
68.33 
62.28 
56.60 
51.36 
46.56 
42.14 
38.02 
34.10 
30.30 
26.56 
22.86 
19.17 
15.49 
11.82 
8.16 
OVERALL 
NOISE 
(dB) 
106.90 
104.05 
101.54 
98.77 
95.75 
92.54 
89.20 
85.77 
82.27 
78.72 
75.11 
71.47 
67.79 
64.09 
60.35 
56.59 
52.81 
49.00 
45.17 
41.33 
RMS 
AMPLITUDE 
(PASCALS) 
4.42E+00 
3.19E+00 
2.39E+00 
1.74E+00 
1.23E+00 
8.47E-01 
5.77E-01 
3.89E-01 
2.60E-01 
1.73E-01 
1.14E-01 
7.49E-02 
4.91E-02 
3.20E-02 
2.08E-02 
1.35E-02 
8.74E-03 
5.64E-03 
3.63E-03 
2.33E-03 
PHASE 
(DEG) 
24.95 
54.85 
46.35 
16.84 
17.73 
82.47 
76.77 
75.69 
25.56 
26.89 
31.73 
30.34 
71.04 
72.38 
86.31 
14.94 
16.13 
42.75 
41.72 
59.24 
Figure C.6. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 6 @ Polar Directivity Angle 75° 
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Table C.7. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 7 - Directivity Angle 90° 
I OASPL = 111.2 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONI 
FREQUENC 
(HZ) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNES 
NOISE 
(DB) 
100.99 
102.40 
101.36 
99.46 
97.12 
94.52 
91.75 
88.87 
85.90 
82.87 
79.79 
76.67 
73.51 
70.32 
67.09 
63.85 
60.58 
57.28 
53.96 
50.63 
LOADING 
NOISE 
(DB) 
107.80 
101.78 
96.16 
91.08 
86.58 
82.63 
79.12 
75.91 
72.88 
69.94 
67.04 
64.15 
61.25 
58.35 
55.43 
52.49 
49.54 
46.56 
43.57 
40.57 
OVERALL 
NOISE 
(DB) 
108.54 
104.64 
101.64 
98.88 
96.09 
93.22 
90.25 
87.21 
84.11 
80.95 
77.76 
74.52 
71.25 
67.95 
64.61 
61.24 
57.84 
54.42 
50.96 
47.48 
RMS 
AMPLITUDE 
PA 
5.34E+00 
3.41E+00 
2.42E+00 
1.76E+00 
1.28E+00 
9.16E-01 
6.51E-01 
4.59E-01 
3.21E-01 
2.23E-01 
1.54E-01 
1.06E-01 
7.30E-02 
4.99E-02 
3.40E-02 
2.31E-02 
1.56E-02 
1.05E-02 
7.07E-03 
4.73E-03 
PHASE 
(DEG) 
-33.16 
20.03 
79.49 
144.36 
-147.46 
-77.36 
-6.12 
65.84 
138.26 
-149.02 
-76.10 
-3.04 
70.11 
143.32 
-143.44 
-70.19 
3.05 
76.28 
149.47 
-137.39 
5.24E+01 
Figure C.7. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 7 @ Polar Directivity Angle 90° 
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Table C.8. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 8 - Directivity Angle 105° 
I OASPI, 111,2 1 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1 20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
99.28 
100.14 
98.59 
96.20 
93.39 
90.32 
87.10 
83.77 
80.36 
76.90 
73.38 
69.83 
66.24 
62.63 
58.99 
55.32 
51.64 
47.93 
44.21 
40.46 
LOADING 
NOISE 
(dB) 
109.68 
103.91 
98.43 
93.47 
89.02 
85.01 
81.31 
77.81 
74.41 
71.06 
67.74 
64.41 
61.07 
57.73 
54.36 
50.98 
47.59 
44.18 
40.75 
37.30 
OVERALL 
NOISE 
(dB) 
109.54 
104.18 
99.39 
95.10 
91.09 
87.21 
83.38 
79.56 
75.72 
71.86 
67.98 
64.07 
60.12 
56.14 
52.11 
48.05 
43.94 
39.80 
35.60 
31.34 
87.04 
90.78 
90.33 
88.61 
86.29 
83.69 
80.78 
77.72 
74.40 
71.06 
67.50 
63.91 
60.22 
56.43 
52.59 
48.68 
44.67 
40.62 
36.51 
32.34 
RMS 
AMPLITUDE 
(PASCALS) 
6.00E+00 
3.24E+00 
1.86E+00 
1.14E+00 
7.17E-01 
4.59E-01 
2.95E-01 
1.90E-01 
1.22E-01 
7.84E-02 
5.01E-02 
3.19E-02 
2.03E-02 
1.28E-02 
8.07E-03 
5.05E-03 
1 3.15E-03 
1.95E-03 
1.20E-03 
7.38E-04 
PHASE I 
(DEG) j 
44.56 
10.54 
24.99 
62.99 
3.50 
46.06 
69.82 
24.56 
78.45 
31.71 
15.52 
63.14 
11.08 
59.30 
52.22 
3.49 
54.51 
-5.31 
44.14 
93.87 | 
1.42E+01 
120 
• Overall Noise 
• Thickness Noise 
• Loading Noise 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Frequency (harmonic number) 
Figure C.8. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 8 @ Polar Directivity Angle 105° 
APPENDIX C 2-bladed Reference Propeller Data 135 
Table C.9. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 9 - Directivity Angle 120° 
LflASPL 1 1 0 , 0 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
96.27 
95.38 
92.16 
88.14 
83.72 
79.07 
74.27 
69.38 
64.43 
59.42 
54.37 
49.29 
44.18 
39.04 
33.89 
28.72 
23.55 
18.40 
13.26 
8.14 
LOADING 
NOISE 
(dB) 
109.56 
102.45 
95.58 
89.21 
83.32 
77.83 
72.62 
67.58 
62.64 
57.76 
52.89 
48.02 
43.15 
38.28 
33.39 
28.49 
23.56 
18.59 
13.57 
8.49 
OVERALL 
NOISE 
(dB) 
109.14 
101.81 
94.65 
87.81 
81.24 
74.87 
68.64 
62.51 
56.42 
50.37 
44.33 
38.29 
32.27 
26.33 
20.56 
15.06 
9.88 
4.90 
-0.17 
-5.75 
RMS 
AMPLITUDE 
(PASCALS) 
5.73E+00 
2.46E+00 
1.08E+00 
4.91E-01 
2.31E-01 
1.11E-01 
5.41E-02 
2.67E-02 
1.33E-02 
6.60E-03 
3.29E-03 
1.64E-03 
8.22E-04 
4.15E-04 
2.13E-04 
1.13E-04 
6.24E-05 
3.52E-05 
1.96E-05 
1.03E-05 
PHASE 
(DEG) 
57.56 
39.48 
20.34 
-0.26 
20.93 
43.28 
66.80 
91.45 
17.18 
44.00 
71.95 
58.84 
28.17 
95.87 
61.97 
27.04 
7.69 
40.84 
71.70 
0.69 
120 
-20 
^Overall Noise 
• Thickness Noise 
• Loading Noise 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Frequency (harmonic number) 
Figure C.9. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 9 @ Polar Directivity Angle 120° 
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Table CIO. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 10 - Directivity Angle 135° 
I OASPT, 107.2 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
91.76 
87.54 
81.08 
73.85 
66.26 
58.47 
50.55 
42.55 
34.50 
26.41 
18.28 
10.09 
1.78 
-6.81 
-16.11 
-27.22 
-34.93 
-32.18 
-31.46 
-31.78 
LOADING 
NOISE 
(dB) 
107.25 
97.02 
87.04 
77.57 
68.58 
59.99 
51.68 
43.55 
35.51 
27.51 
19.50 
11.42 
3.12 
-5.73 
-16.10 
-29.15 
-26.29 
-24.41 
-24.30 
-24.82 
OVERALL 
NOISE 
(dB) 
106.75 
96.12 
85.53 
75.16 
65.00 
55.01 
45.21 
35.60 
26.23 
17.16 
8.39 
-0.15 
-8.73 
-17.79 
-26.61 
-28.73 
-28.08 
-28.16 
-28.73 
-29.51 
RMS 
AMPLITUDE 
(PASCALS) 
4.35E+00 
1.28E+00 
3.78E-01 
1.15E-01 
3.56E-02 
1.13E-02 
3.64E-03 
1.21E-03 
4.10E-04 
1.44E-04 
5.26E-05 
1.96E-05 
7.32E-06 
2.58E-06 
9.35E-07 
7.32E-07 
7.89E-07 
7.82E-07 
7.32E-07 
6.69E-07 
PHASE 
(DEG) 
69.54 
64.84 
58.26 
50.29 
40.92 
30.06 
17.62 
-3.58 
11.94 
28.46 
44.96 
59.83 
70.53 
71.42 
45.25 
2.06 
11.78 
13.90 
13.06 
11.49 
Figure C.IO. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 10 @ Polar Directivity Angle 135° 
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Table C.ll. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 11 - Directivity Angle 150° 
I OASPI, 101.6 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
84.96 
74.90 
62.67 
49.73 
36.45 
23.01 
9.54 
-3.74 
-16.19 
-26.38 
-32.85 
-36.31 
-38.40 
-39.99 
-41.37 
-42.63 
-43.79 
-44.89 
-45.92 
-46.89 
LOADING 
NOISE 
(dB) 
101.99 
86.04 
70.37 
55.21 
40.57 
26.38 
12.58 
-0.70 
-12.81 
-22.38 
-28.41 
-31.80 
-33.96 
-35.63 
-37.05 
-38.31 
-39.45 
-40.48 
-41.44 
-42.31 
OVERALL 
NOISE 
(dB) 
101.49 
85.08 
68.72 
52.60 
36.75 
21.22 
6.19 
-7.91 
-20.05 
-28.94 
-34.49 
-38.03 
-40.64 
-42.78 
-44.59 
-46.12 
-47.41 
-48.47 
-49.33 
-50.04 
RMS 
AMPLITUDE 
(PASCALS) 
2.37E+00 
3.59E-01 
5.46E-02 
8.53E-03 
1.38E-03 
2.30E-04 
4.08E-05 
8.05E-06 
1.99E-06 
7.15E-07 
3.77E-07 
2.51E-07 
1.86E-07 
1.45E-07 
1.18E-07 
9.88E-08 
8.53E-08 
7.55E-08 
6.83E-08 
6.30E-08 
PHASE 
(DEG) 
78.83 
84.14 
86.91 
87.72 
86.59 
83.49 
78.53 
72.12 
65.41 
59.76 
54.77 
49.30 
43.11 
36.36 
29.27 
22.02 
14.86 
-8.00 
-1.62 
4.19 
Figure C.ll. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 11 @ Polar Directivity Angle 150° 
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Table C.12. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 12 - Directivity Angle 165° 
I OASPI, 90.5 I 
NUMBER 
1 
2 
3 
4 
| 5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
73.02 
51.66 
28.17 
4.07 
-19.81 
-39.41 
-47.11 
-50.12 
-52.42 
-54.41 
-56.18 
-57.79 
-59.25 
-60.60 
-61.86 
-63.03 
-64.13 
-65.16 
-66.14 
-67.07 
LOADING 
NOISE 
(dB) 
90.97 
63.77 
36.87 
10.63 
-14.14 
-32.87 
-41.07 
-45.21 
-48.28 
-50.64 
-52.41 
-53.72 
-54.70 
-55.46 
-56.08 
-56.60 
-57.07 
-57.49 
-57.89 
-58.26 
OVERALL 
NOISE 
(dB) 
90.47 
62.80 
35.22 
8.04 
-17.71 
-36.25 
-44.48 
-49.97 
-54.96 
-59.20 
-61.45 
-61.68 
-61.20 
-60.75 
-60.45 
-60.29 
-60.25 
-60.28 
-60.37 
-60.50 
RMS 
AMPLITUDE 
(PASCALS) 
6.68E-01 
2.76E-02 
1.15E-03 
5.05E-05 
2.60E-06 
3.08E-07 
1.19E-07 
6.35E-08 
3.57E-08 
2.19E-08 
1.69E-08 
1.65E-08 
1.74E-08 
1.83E-08 
1.90E-08 
1.93E-08 
1.94E-08 
1.94E-08 
1.92E-08 
1.89E-08 
PHASE 
(DEG) 
84.61 
96.05 
4.55 
10.37 
9.74 
90.95 
75.07 
65.01 
50.89 
28.27 
0.46 
23.95 
38.50 
47.16 
52.57 
56.12 
58.55 
60.25 
61.47 
62.34 
Figure C.12. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 12 @ Polar Directivity Angle 165° 
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Table C.13. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 13 - Directivity Angle 179° 
I OASPL 43,3 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
80 
160 
240 
320 
400 
480 
560 
640 
720 
800 
880 
960 
1040 
1120 
1200 
1280 
1360 
1440 
1520 
1600 
THICKNESS 
NOISE 
(dB) 
26.01 
-41.82 
-81.18 
-87.89 
-92.39 
-95.81 
-98.57 
-100.86 
-102.82 
-104.51 
-106.00 
-107.33 
-108.51 
-109.59 
-110.57 
-111.47 
-112.29 
-113.06 
-113.77 
-114.43 
LOADING 
NOISE 
(dB) 
44.26 
-29.35 
-77.78 
-73.50 
-73.21 
-73.82 
-74.64 
-75.49 
-76.30 
-77.08 
-77.80 
-78.48 
-79.12 
-79.71 
-80.28 
-80.81 
-81.31 
-81.79 
-82.24 
-82.67 
OVERALL 
NOISE 
(dB) 
43.76 
-30.32 
-84.56 
-73.92 
-73.47 
-74.06 
-74.88 
-75.72 
-76.53 
-77.30 
-78.03 
-78.70 
-79.34 
-79.94 
-80.50 
-81.03 
-81.53 
-82.00 
-82.45 
-82.89 
RMS 
AMPLITUDE 
(PASCALS) 
3.08E-03 
6.10E-07 
1.18E-09 
4.03E-09 
4.24E-09 
3.96E-09 
3.61E-09 
3.27E-09 
2.98E-09 
2.73E-09 
2.51E-09 
2.32E-09 
2.16E-09 
2.01E-09 
1.89E-09 
1.78E-09 
1.68E-09 
1.59E-09 
1.51E-09 
1.43E-09 
PHASE 
(DEG) 
86.56 
99.37 
50.49 
82.70 
84.33 
84.54 
84.36 
84.03 
83.61 
83.14 
82.65 
82.14 
81.61 
81.07 
80.52 
79.97 
79.42 
78.86 
78.30 
77.73 
Figure C.13. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 13 @ Polar Directivity Angle 179° 
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Table C.14. Far-Field OASPL Observer 1 (0,0,0) 
OBSERVER 
TIME 
-14.60 
-14.10 
-13.60 
-13.10 
-12.60 
-12.10 
-11.60 
-11.10 
-10.60 
-10.10 
-9.60 
-9.10 
-8.60 
-8.10 
-7.60 
-7.10 
-6.60 
-6.10 
-5.60 
-5.10 
-4.60 
-4.10 
-3.60 
-3.10 
-2.60 
-2.10 
-1.60 
-1.10 
-0.60 
-0.10 
0.40 
0.90 
1.40 
1.90 
2.40 
2.90 
3.40 
3.90 
4.40 
4.90 
5.40 
5.90 
6.40 
6.90 
7.40 
7.90 
8.40 
8.90 
9.40 
9.90 
10.40 
10.90 
11.40 
11.90 
12.40 
OVERALL 
SPL 
(DB) 
38.96 
39.45 
39.96 
40.49 
41.03 
41.59 
42.16 
42.76 
43.37 
44.96 
47.05 
48.81 
50.37 
51.82 
53.20 
54.53 
55.84 
57.15 
58.45 
59.77 
61.14 
63.63 
65.79 
67.76 
69.61 
71.89 
74.09 
76.00 
77.89 
79.43 
80.32 
80.95 
80.92 
80.74 
80.02 
79.19 
78.18 
76.93 
75.62 
74.26 
73.01 
71.78 
70.52 
69.21 
67.84 
66.38 
65.07 
64.22 
63.39 
62.56 
61.74 
60.92 
60.11 
59.29 
58.47 
A-
SPL 
(DB(A)) 
20.72 
21.22 
21.72 
22.24 
22.77 
23.32 
23.89 
24.47 
25.08 
26.90 
29.25 
31.14 
32.79 
34.29 
35.69 
37.04 
38.35 
39.64 
40.91 
42.19 
43.57 
47.40 
50.11 
52.36 
54.33 
58.10 
61.24 
63.50 
66.43 
68.38 
68.73 
68.80 
67.29 
65.23 
63.37 
61.11 
58.83 
56.96 
54.85 
52.35 
50.69 
49.24 
47.72 
46.12 
44.37 
42.37 
40.56 
39.66 
38.78 
37.91 
37.05 
36.20 
35.35 
34.50 
33.64 
D-
SPL 
(DB(D)) 
32.19 
32.68 
33.19 
33.71 
34.25 
34.80 
35.37 
35.96 
36.57 
38.23 
40.41 
42.21 
43.80 
45.27 
46.65 
47.98 
49.29 
50.58 
51.87 
53.15 
54.52 
57.48 
59.85 
61.92 
63.81 
66.62 
69.23 
71.29 
73.52 
75.22 
75.75 
76.02 
75.23 
74.21 
72.94 
71.48 
69.96 
68.41 
66.76 
64.96 
63.55 
62.22 
60.84 
59.42 
57.91 
56.27 
54.80 
53.93 
53.07 
52.22 
51.39 
50.56 
49.73 
48.90 
48.06 
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Table C.15. Far-Field OASPL Observer 2 (0,0,1.2) 
OBSERVER 
TIME 
-14.61 
-14.11 
-13.61 
-13.11 
-12.61 
-12.11 
-11.61 
-11.11 
-10.61 
-10.11 
-9.61 
-9.11 
-8.61 
-8.11 
-7.61 
-7.11 
-6.61 
-6.11 
-5.61 
-5.11 
-4.61 
-4.11 
-3.61 
-3.11 
-2.61 
-2.11 
-1.61 
-1.11 
-0.61 
-0.11 
0.39 
0.89 
1.39 
1.89 
2.39 
2.89 
3.39 
3.89 
4.39 
4.89 
5.39 
5.89 
6.39 
6.89 
7.39 
7.89 
8.39 
8.89 
9.39 
9.89 
10.39 
10.89 
11.39 
11.89 
12.39 
OVERALL 
SPL 
(DB) 
37.47 
37.90 
38.34 
38.79 
39.24 
39.70 
40.17 
40.64 
41.12 
42.36 
44.27 
45.82 
47.14 
48.32 
49.38 
50.35 
51.25 
52.09 
52.86 
53.60 
54.32 
56.90 
59.23 
61.44 
63.60 
66.62 
69.43 
71.70 
73.84 
75.55 
76.37 
76.90 
76.61 
76.11 
75.07 
73.89 
72.63 
71.30 
70.03 
68.83 
67.95 
67.11 
66.23 
65.29 
64.28 
63.15 
62.19 
61.57 
60.94 
60.30 
59.64 
58.97 
58.28 
57.58 
56.86 
A-
SPL 
(DB(A)) 
19.19 
19.61 
20.04 
20.48 
20.93 
21.37 
21.83 
22.29 
22.75 
24.02 
25.96 
27.52 
28.86 
30.06 
31.18 
32.26 
33.33 
34.41 
35.55 
36.75 
38.04 
43.31 
46.58 
49.12 
51.26 
55.09 
58.29 
60.58 
63.49 
65.44 
65.80 
65.86 
64.35 
62.29 
60.42 
58.10 
55.71 
53.62 
51.16 
48.05 
46.15 
44.55 
42.97 
41.43 
39.89 
38.30 
37.06 
36.39 
35.73 
35.06 
34.38 
33.70 
33.00 
32.29 
31.57 
D-
SPL 
(DB(D)) 
30.69 
31.12 
31.55 
31.99 
32.44 
32.90 
33.36 
33.82 
34.29 
35.54 
37.45 
39.00 
40.32 
41.49 
42.57 
43.56 
44.51 
45.42 
46.33 
47.25 
48.23 
52.12 
55.08 
57.55 
59.72 
62.99 
65.88 
68.07 
70.36 
72.11 
72.62 
72.85 
71.98 
70.83 
69.40 
67.68 
65.86 
64.05 
62.09 
59.97 
58.63 
57.47 
56.33 
55.19 
54.02 
52.77 
51.73 
51.09 
50.45 
49.79 
49.12 
48.44 
47.75 
47.04 
46.32 
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Figure C.15. Far-field OASPL vs Time - Observer 2 
APPENDIX D 
ACOUSTIC DATA FOR THE 3-BLADED 
REFERENCE PROPELLER 
Appendix D contains the Near-field data for all 13 observers, the Far-field data for 
the two observers and the corresponding graphs for the 3-bladed reference propeller. This 
data is included for completeness and comparison purposes. 
143 
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Table D.l. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 1 - Directivity Angle 1° 
lOASPL = 4,9 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
1.74 
-77.73 
-81.39 
-83.91 
-85.86 
-87.45 
-88.79 
-89.95 
-90.97 
-91.88 
-92.71 
-93.46 
-94.15 
-94.79 
-95.38 
-95.94 
-96.46 
-96.95 
-97.41 
-97.85 
LOADING 
NOISE 
(dB) 
-5.16 
-72.02 
-75.64 
-78.17 
-80.12 
-81.71 
-83.06 
-84.22 
-85.24 
-86.15 
-86.98 
-87.73 
-88.42 
-89.06 
-89.65 
-90.21 
-90.72 
-91.21 
-91.68 
-92.11 
OVERALL 
NOISE 
(dB) 
4.90 
-68.40 
-72.03 
-74.56 
-76.51 
-78.10 
-79.44 
-80.60 
-81.62 
-82.53 
-83.36 
-84.11 
-84.80 
-85.44 
-86.03 
-86.59 
-87.11 
-87.60 
-88.06 
-88.49 
RMS 
AMPLITUDE 
(PASCALS) 
3.52E-05 
7.61E-09 
5.01E-09 
3.74E-09 
2.99E-09 
2.49E-09 
2.13E-09 
1.87E-09 
1.66E-09 
1.49E-09 
L36E-09 
1.25E-09 
1.15E-09 
1.07E-09 
9.99E-10 
9.37E-10 
8.83E-10 
8.34E-10 
7.91E-10 
7.52E-10 
PHASE 
(DEG) 
-169.60 
94.84 
90.47 
88.93 
87.81 
86.85 
85.98 
85.15 
84.35 
83.57 
82.81 
82.05 
81.31 
80.57 
79.83 
79.10 
78.37 
77.65 
76.92 
76.20 
Figure D.l. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 1 @ Polar Directivity Angle 1° 
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Table D.2. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 2 - Directivity Angle 15° 
IOASPT, = 75.1 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
71.94 
32.46 
-8.55 
-38.47 
-44.71 
-48.25 
-51.11 
-53.53 
-55.62 
-57.46 
-59.10 
-60.57 
-61.91 
-63.14 
-64.26 
-65.29 
-66.25 
-67.14 
-67.96 
-68.73 
LOADING 
NOISE 
(dB) 
65.01 
20.94 
-20.50 
-46.47 
-51.77 
-54.84 
-57.20 
-59.11 
-60.69 
-62.03 
-63.20 
-64.22 
-65.13 
-65.96 
-66.70 
-67.39 
-68.02 
-68.61 
-69.16 
-69.67 
OVERALL 
NOISE 
(dB) 
75.07 
34.51 
-6.59 
-35.57 
-41.63 
-45.11 
-47.91 
-50.26 
-52.28 
-54.04 
-55.60 
-57.00 
-58.25 
-59.39 
-60.43 
-61.39 
-62.26 
-63.08 
-63.83 
-64.54 
RMS 
AMPLITUDE 
(PASCALS) 
1.13E-01 
1.06E-03 
9.36E-06 
3.33E-07 
1.66E-07 
1.11E-07 
8.04E-08 
6.13E-08 
4.86E-08 
3.97E-08 
3.32E-08 
2.83E-08 
2.45E-08 
2.15E-08 
1.90E-08 
1.71E-08 
1.54E-08 
1.40E-08 
1.29E-08 
1.19E-08 
PHASE 
(DEG) 
-174.62 
161.87 
146.66 
164.40 
169.53 
166.71 
163.87 
161.16 
158.58 
156.11 
153.75 
151.50 
149.35 
147.30 
145.35 
143.50 
141.75 
140.09 
138.52 
137.05 
Figure D.2. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 2 @ Polar Directivity Angle 15° 
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Table D.3. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 3 - Directivity Angle 30° 
l(MSPIi = 91,9 I 
NUMBER 
1 
2 
3 
4 
i 5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
1 20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
88.89 
66.47 
42.06 
16.94 
-9.28 
-37.61 
-33.27 
-35.45 
-37.59 
-39.46 
-41.12 
-42.60 
-43.94 
-45.16 
-46.26 
-47.28 
-48.21 
-49.08 
-49.87 
-50.61 
LOADING 
NOISE 
(dB) 
82.02 
54.01 
28.59 
3.57 
-22.90 
-41.34 
-40.61 
-42.83 
-44.92 
-46.76 
-48.40 
-49.87 
-51.20 
-52.41 
-53.53 
-54.55 
-55.50 
-56.38 
-57.20 
-57.96 
OVERALL 
NOISE 
(dB) 
91.90 
68.31 
43.73 
18.63 
-7.64 
-33.33 
-30.16 
-32.36 
-34.49 
-36.36 
-38.03 
-39.52 
-40.87 
-42.10 
-43.23 
-44.26 
-45.22 
-46.11 
-46.93 
-47.69 
RMS 
AMPLITUDE 
(PASCALS) 
7.87E-01 
5.21E-02 
3.07E-03 
1.71E-04 
8.30E-06 
4.31E-07 
6.21E-07 
4.82E-07 
3.77E-07 
3.04E-07 
2.51E-07 
2.11E-07 
1.81E-07 
1.57E-07 
1.38E-07 
1.22E-07 
1.10E-07 
9.90E-08 
9.01E-08 
8.25E-08 
PHASE I 
(DEG) j 
170.96 
128.76 
93.92 
61.07 
33.74 
155.66 
168.21 
168.54 
169.26 
169.83 
170.25 
170.54 
170.75 
170.90 
171.01 
171.09 
171.14 
171.19 
171.22 
171.25 I 
Figure D.3. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 3 @ Polar Directivity Angle 30° 
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Table D.4. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 4 - Directivity Angle 45° 
IOASPI, = m s I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
97.54 
84.02 
68.45 
52.16 
35.48 
18.59 
1.69 
-14.70 
-31.02 
-44.91 
-45.68 
-47.91 
-50.54 
-52.99 
-55.15 
-57.00 
-58.46 
-59.53 
-60.24 
-60.67 
LOADING 
NOISE 
(dB) 
91.34 
70.23 
52.49 
35.87 
19.51 
3.31 
-12.46 
-28.44 
-39.86 
-39.38 
-40.51 
-41.95 
-43.28 
-44.49 
-45.61 
-46.63 
-47.58 
-48.47 
-49.29 
-50.05 
OVERALL 
NOISE 
(dB) 
100.38 
85.51 
69.71 
53.38 
36.76 
19.96 
3.23 
-13.28 
-32.00 
-38.67 
-38.12 
-39.59 
-41.05 
-42.33 
-43.48 
-44.52 
-45.47 
-46.33 
-47.12 
-47.85 
RMS 
AMPLITUDE 
(PASCALS) 
2.09E+00 
3.77E-01 
6.12E-02 
9.34E-03 
1.38E-03 
1.99E-04 
2.90E-05 
4.34E-06 
5.02E-07 
2.33E-07 
2.48E-07 
2.10E-07 
1.77E-07 
1.53E-07 
1.34E-07 
1.19E-07 
1.07E-07 
9.65E-08 
8.81E-08 
8.10E-08 
PHASE 
(DEG) 
149.48 
78.13 
15.48 
-45.31 
-105.73 
-166.43 
132.72 
77.42 
53.93 
137.99 
143.39 
145.89 
149.66 
153.26 
156.45 
159.31 
161.90 
164.24 
166.38 
168.33 
Figure D.4. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 4 @ Polar Directivity Angle 45° 
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Table D.5. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 5 - Directivity Angle 60° 
BASEL = ios.4 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
102.25 
93.86 
83.39 
72.16 
60.54 
48.69 
36.69 
24.52 
12.32 
0.36 
-12.60 
-29.93 
-29.40 
-32.24 
-34.62 
-35.44 
-36.32 
-37.23 
-38.05 
-38.82 
LOADING 
NOISE 
(dB) 
97.89 
80.13 
64.34 
50.12 
37.05 
24.61 
12.46 
0.66 
-11.21 
-25.85 
-34.71 
-36.01 
-39.74 
-41.30 
-42.14 
-43.14 
-44.10 
-44.96 
-45.76 
-46.51 
OVERALL 
NOISE 
(dB) 
104.95 
94.84 
84.01 
72.66 
61.00 
49.15 
37.15 
25.01 
12.80 
0.70 
-12.00 
-27.02 
-32.08 
-35.97 
-39.33 
-40.04 
-40.87 
-41.80 
-42.65 
-43.42 
RMS 
AMPLITUDE 
(PASCALS) 
3.53E+00 
1.10E+00 
3.17E-01 
8.59E-02 
2.25E-02 
5.73E-03 
1.44E-03 
3.56E-04 
8.73E-05 
2.17E-05 
5.02E-06 
8.91E-07 
4.98E-07 
3.18E-07 
2.16E-07 
1.99E-07 
1.81E-07 
1.62E-07 
1.47E-07 
1.35E-07 
PHASE 
(DEG) 
124.49 
16.29 
-81.21 
-175.98 
90.06 
-3.73 
-97.58 
168.24 
73.27 
-21.26 
-112.41 
139.52 
16.65 
-21.67 
-17.74 
-13.58 
-14.37 
-14.61 
-14.56 
-14.60 
Figure D.5. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 5 @ Polar Directivity Angle 60° 
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Table D.6. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 6 - Directivity Angle 75° 
IOASPI, = 107.8 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
104.31 
98.67 
90.91 
82.37 
73.43 
64.26 
54.91 
45.44 
35.86 
26.20 
16.42 
6.60 
-3.18 
-13.52 
-22.53 
-32.32 
-46.34 
-42.18 
-47.33 
-46.91 
LOADING 
NOISE 
(dB) 
102.79 
88.35 
75.44 
64.26 
54.53 
45.52 
36.76 
28.04 
19.31 
10.56 
1.65 
-7.12 
-15.92 
-26.02 
-32.41 
-42.37 
-49.70 
-46.80 
-49.81 
-49.92 
OVERALL 
NOISE 
(dB) 
107.09 
98.96 
90.60 
81.80 
72.69 
63.38 
53.90 
44.30 
34.56 
24.72 
14.76 
4.68 
-5.41 
-15.81 
-25.85 
-35.28 
-50.85 
-49.06 
-55.53 
-55.83 
RMS 
AMPLITUDE 
(PASCALS) 
4.53E+00 
1.77E+00 
6.78E-01 
2.46E-01 
8.62E-02 
2.95E-02 
9.91E-03 
3.28E-03 
1.07E-03 
3.44E-04 
1.09E-04 
3.43E-05 
1.07E-05 
3.24E-06 
1.02E-06 
3.45E-07 
5.73E-08 
7.05E-08 
3.35E-08 
3.23E-08 
PHASE 
(DEG) 
99.95 
-48.93 
174.86 
42.74 
-87.91 
141.99 
12.02 
-118.04 
111.63 
-19.11 
-150.33 
77.50 
-55.31 
171.15 
31.74 
-95.85 
108.15 
-36.31 
-66.12 
-42.06 
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Figure D.6. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 6 @ Polar Directivity Angle 75° 
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Table D.7. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 7 - Directivity Angle 90° 
IOASPL = 108.3 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
104.24 
99.48 
92.62 
84.97 
76.94 
68.66 
60.22 
51.65 
42.97 
34.20 
25.33 
16.38 
7.36 
-1.73 
-10.84 
-20.01 
-29.02 
-38.34 
-46.40 
-57.32 
LOADING 
NOISE 
(dB) 
105.86 
93.49 
82.99 
74.14 
66.11 
58.31 
50.50 
42.64 
34.71 
26.71 
18.65 
10.56 
2.37 
-5.77 
-14.17 
-22.15 
-31.13 
-38.20 
-48.08 
-51.70 
OVERALL 
NOISE 
(dB) 
107.65 
99.06 
91.08 
82.88 
74.44 
65.81 
57.00 
48.04 
38.92 
29.62 
20.12 
10.39 
0.41 
-10.06 
-20.63 
-33.10 
-41.95 
-73.60 
-51.62 
-57.57 
90.95 
90.00 
85.43 
79.36 
72.24 
64.49 
56.36 
47.88 
38.73 
30.10 
20.80 
11.21 
1.36 
-9.02 
-19.53 
-31.94 
-40.74 
-72.37 
-50.36 
-56.30 
RMS 
AMPLITUDE 
(PASCALS) 
4.82E+00 
1.80E+00 
7.16E-01 
2.79E-01 
1.05E-01 
3.90E-02 
1.42E-02 
5.05E-03 
1.77E-03 
6.05E-04 
2.03E-04 
6.61E-05 
2.10E-05 
6.28E-06 
1.86E-06 
4.42E-07 
1.60E-07 
4.18E-09 
5.25E-08 
2.64E-08 
PHASE 
(DEG) 
78.49 
-109.46 
75.14 
-94.50 
98.39 
-67.53 
127.12 
-37.96 
157.03 
-8.08 
-173.39 
20.88 
-145.50 
47.10 
-123.26 
65.81 
-127.49 
-103.62 
-150.11 
-131.95 
Figure D.7. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 7 @ Polar Directivity Angle 90° 
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Table D.8. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 8 - Directivity Angle 105° 
E A S E L = 107,3 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) j 
102.25 
96.68 
89.04 
80.65 
71.89 
62.91 
53.76 
44.50 
35.14 
25.69 
16.14 
6.52 
-3.20 
-12.97 
-22.85 
-32.79 
-42.49 
-53.88 
-59.19 
-78.31 
LOADING 
NOISE 
(dB) 
106.79 
94.37 
83.75 
74.50 
65.85 
57.32 
48.77 
40.15 
31.46 
22.71 
13.89 
5.04 
-3.91 
-12.84 
-21.79 
-31.25 
-38.65 
-54.96 
-50.57 
-57.85 
OVERALL 
NOISE 
(dB) 
106.94 
95.85 
86.05 
76.50 
66.87 
57.09 
47.14 
36.97 
26.54 
15.79 
4.64 
-7.10 
-18.96 
-30.62 
-36.81 
-46.59 
-47.33 
-69.96 
-54.41 
-58.55 
90.24 
86.79 
80.40 
72.98 
64.67 
55.77 
46.50 
36.81 
26.35 
16.27 
5.32 
-6.28 
-18.01 
-29.58 
-35.71 
-45.43 
-46.12 
-68.73 
-53.15 
-57.28 
RMS 
AMPLITUDE 
(PASCALS) 
4.45E+00 
1.24E+00 
4.01E-01 
1.34E-01 
4.41E-02 
1.43E-02 
4.55E-03 
1.41E-03 
4.25E-04 
1.23E-04 
3.41E-05 
8.83E-06 
2.25E-06 
5.89E-07 
2.89E-07 
9.36E-08 
8.60E-08 
6.35E-09 
3.81E-08 
2.36E-08 
PHASE 
(DEG) 
60.11 
-159.27 
-10.30 
145.21 
-55.50 
106.01 
-91.04 
73.06 
-121.75 
44.89 
-146.31 
26.83 
-151.08 
46.51 
-120.07 
75.35 
-127.46 
-158.86 
-138.67 
-131.12 
Figure D.8. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 8 @ Polar Directivity Angle 105° 
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Table D.9. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 9 - Directivity Angle 120° 
KMSPIi i 1HS I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
98.31 
90.06 
79.82 
68.88 
57.59 
46.09 
34.47 
22.72 
10.91 
-1.02 
-13.16 
-24.25 
-40.08 
-44.21 
-47.41 
-49.81 
-50.10 
-51.06 
-51.82 
-52.52 
LOADING 
NOISE 
(dB) 
105.33 
90.65 
77.69 
65.99 
54.80 
43.73 
32.64 
21.49 
10.27 
-1.01 
-12.31 
-23.80 
-34.90 
-47.42 
-56.33 
-63.02 
-65.84 
-64.32 
-64.63 
-64.54 
OVERALL 
NOISE 
(dB) j 
104.66 
89.54 
75.58 
62.23 
49.04 
35.74 
22.19 
8.23 
-5.62 
-19.45 
-27.38 
-41.92 
-41.66 
-45.85 
-48.37 
-48.40 
-49.74 
-50.52 
-51.32 
-52.08 
RMS 
AMPLITUDE 
(PASCALS) 
3.42E+00 
6.00E-01 
1.20E-01 
2.59E-02 
5.66E-03 
1.23E-03 
2.57E-04 
5.16E-05 
1.05E-05 
2.13E-06 
8.55E-07 
1.60E-07 
1.65E-07 
1.02E-07 
7.63E-08 
7.61E-08 
6.52E-08 
5.96E-08 
5.43E-08 
4.98E-08 
PHASE 
(DEG) 
43.83 
162.95 
-74.71 
52.33 
-176.30 
-41.15 
97.77 
-117.63 
35.62 
-158.58 
10.34 
137.52 
-14.37 
26.53 
3.32 
5.76 
3.79 
1.16 
-0.41 
-2.18 
Figure D.9. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 9 @ Polar Directivity Angle 120° 
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Table D.IO Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 10 - Directivity Angle 135° 
EASEL = ma ' 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
92.04 
78.71 
63.47 
47.57 
31.37 
14.94 
-1.58 
-17.32 
-37.88 
-41.71 
-42.48 
-44.39 
-45.63 
-46.79 
-47.86 
-48.84 
-49.74 
-50.57 
-51.34 
-52.05 
LOADING 
NOISE 
(dB) 
101.00 
81.46 
63.62 
46.99 
30.85 
14.87 
-1.04 
-18.37 
-30.36 
-37.83 
-41.50 
-42.42 
-43.78 
-45.01 
-46.12 
-47.14 
-48.08 
-48.95 
-49.76 
-50.51 
OVERALL 
NOISE 
(dB) 
100.00 
79.12 
58.88 
39.01 
19.22 
-0.92 
-16.30 
-34.75 
-32.20 
-34.05 
-35.97 
-37.33 
-38.64 
-39.84 
-40.92 
-41.93 
-42.85 
-43.70 
-44.50 
-45.23 
RMS 
AMPLITUDE 
(PASCALS) 
2.00E+00 
1.81E-01 
1.76E-02 
1.78E-03 
1.83E-04 
1.80E-05 
3.06E-06 
3.66E-07 
4.91E-07 
3.97E-07 
3.18E-07 
2.72E-07 
2.34E-07 
2.04E-07 
1.80E-07 
1.60E-07 
1.44E-07 
1.31E-07 
1.19E-07 
1.10E-07 
PHASE 
(DEG) 
29.85 
134.56 
-118.12 
-6.72 
110.24 
-119.77 
20.94 
58.80 
8.95 
17.65 
14.80 
13.35 
12.45 
11.55 
10.79 
10.11 
9.51 
8.98 
8.49 
8.04 
Figure D.10. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 10 @ Polar Directivity Angle 135° 
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Table D.ll. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 11 - Directivity Angle 150° 
IOASPI, = 91.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
82.23 
60.05 
36.03 
11.37 
-13.21 
-37.60 
-50.35 
-51.38 
-53.69 
-55.66 
-57.36 
-58.86 
-60.18 
-61.37 
-62.43 
-63.38 
-64.25 
-65.04 
-65.76 
-66.42 
LOADING 
NOISE 
(dB) 
92.57 
64.30 
37.72 
12.49 
-12.79 
-34.81 
-33.71 
-36.33 
-38.37 
-40.16 
-41.74 
-43.16 
-44.44 
-45.61 
-46.67 
-47.64 
-48.53 
-49.35 
-50.10 
-50.80 
OVERALL 
NOISE 
(dB) 
91.46 
61.52 
31.97 
3.07 
-21.22 
-30.73 
-32.73 
-35.11 
-37.14 
-38.92 
-40.49 
-41.91 
-43.18 
-44.33 
-45.38 
-46.34 
-47.23 
-48.04 
-48.78 
-49.48 
RMS 
AMPLITUDE 
(PASCALS) 
7.48E-01 
2.38E-02 
7.93E-04 
2.85E-05 
1.74E-06 
5.82E-07 
4.62E-07 
3.51E-07 
2.78E-07 
2.27E-07 
1.89E-07 
1.61E-07 
1.39E-07 
1.21E-07 
1.08E-07 
9.64E-08 
8.70E-08 
7.93E-08 
7.27E-08 
6.72E-08 
PHASE 
(DEG) 
19.11 
113.80 
-146.69 
-37.21 
50.13 
15.97 
15.14 
14.89 
14.54 
14.40 
14.38 
14.44 
14.55 
14.69 
14.85 
15.01 
15.17 
15.32 
15.45 
15.57 
Figure D.ll . Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 11 @ Polar Directivity Angle 150° 
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Table D.12. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 12 - Directivity Angle 165° 
lOASPI, = 74.6 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
64.58 
25.36 
-15.91 
-52.33 
-60.87 
-65.92 
-70.05 
-73.60 
-76.71 
-79.47 
-81.96 
-84.22 
-86.29 
-88.19 
-89.94 
-91.57 
-93.08 
-94.49 
-95.81 
-97.03 
LOADING 
NOISE 
(dB) 
75.73 
30.48 
-14.02 
-36.31 
-41.29 
-44.49 
-47.02 
-49.10 
-50.85 
-52.35 
-53.64 
-54.78 
-55.80 
-56.70 
-57.52 
-58.26 
-58.93 
-59.55 
-60.12 
-60.65 
OVERALL 
NOISE 
(dB) 
74.59 
27.59 
-21.29 
-37.57 
-41.81 
-44.96 
-47.45 
-49.49 
-51.20 
-52.66 
-53.93 
-55.05 
-56.03 
-56.92 
-57.72 
-58.44 
-59.10 
-59.71 
-60.27 
-60.78 
RMS 
AMPLITUDE 
(PASCALS) 
1.07E-01 
4.79E-04 
1.72E-06 
2.64E-07 
1.62E-07 
1.13E-07 
8.48E-08 
6.71E-08 
5.51E-08 
4.65E-08 
4.02E-08 
3.54E-08 
3.16E-08 
2.85E-08 
2.60E-08 
2.39E-08 
2.22E-08 
2.07E-08 
1.94E-08 
1.83E-08 
PHASE 
(DEG) 
12.37 
100.74 
-165.30 
19.22 
24.45 
27.27 
29.95 
32.40 
34.60 
36.54 
38.23 
39.70 
40.96 
42.03 
42.93 
43.67 
44.27 
44.75 
45.12 
45.38 
Figure D.12. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 12 @ Polar Directivity Angle 165° 
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Table D.13. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 13 - Directivity Angle 179° 
I O A S P I , = 4.4 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
-5.86 
-86.41 
-91.05 
-93.83 
-95.88 
-97.52 
-98.89 
-100.07 
-101.11 
-102.03 
-102.86 
-103.62 
-104.31 
-104.95 
-105.55 
-106.11 
-106.63 
-107.12 
-107.58 
-108.02 
LOADING 
NOISE 
(dB) 
5.57 
-63.71 
-67.50 
-70.07 
-72.04 
-73.64 
-74.98 
-76.15 
-77.17 
-78.08 
-78.91 
-79.66 
-80.35 
-80.99 
-81.59 
-82.14 
-82.66 
-83.15 
-83.61 
-84.05 
OVERALL 
NOISE 
(dB) 
4.42 
-64.35 
-68.10 
-70.65 
-72.61 
-74.21 
-75.55 
-76.72 
-77.74 
-78.65 
-79.48 
-80.23 
-80.92 
-81.56 
-82.15 
-82.71 
-83.23 
-83.72 
-84.18 
-84.62 
RMS 
AMPLITUDE 
(PASCALS) 
3.33E-05 
1.21E-08 
7.87E-09 
5.87E-09 
4.68E-09 
3.90E-09 
3.34E-09 
2.92E-09 
2.59E-09 
2.34E-09 
2.12E-09 
1.95E-09 
1.80E-09 
1.67E-09 
1.56E-09 
1.46E-09 
1.38E-09 
1.30E-09 
1.24E-09 
1.18E-09 
PHASE 
(DEG) 
10.14 
84.24 
85.57 
85.55 
85.20 
84.72 
84.17 
83.58 
82.96 
82.32 
81.67 
81.01 
80.34 
79.67 
78.99 
78.31 
77.62 
76.94 
76.25 
75.56 
Figure D.13. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 13 @ Polar Directivity Angle 179° 
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Table D.14. Far-Field OASPL Observer 1 (0,0,0) 
1 OBSERVER 
TIME 
-14.60 
-14.10 
-13.60 
-13.10 
-12.60 
-12.10 
-11.60 
-11.10 
-10.60 
-10.10 
-9.60 
-9.10 
-8.60 
-8.10 
-7.60 
-7.10 
-6.60 
-6.10 
-5.60 
-5.10 
-4.60 
-4.10 
-3.60 
-3.10 
-2.60 
-2.10 
-1.60 
-1.10 
-0.60 
-0.10 
0.40 
0.90 
1.40 
1.90 
2.40 
2.90 
3.40 
3.90 
4.40 
4.90 
5.40 
5.90 
6.40 
6.90 
7.40 
7.90 
8.40 
8.90 
9.40 
9.90 
10.40 
10.90 
11.40 
11.90 
1 12.40 
OVERALL 
SPL 
(DB) 
25.49 
26.01 
26.54 
27.09 
27.66 
28.24 
28.84 
29.46 
30.10 
33.87 
37.59 
40.06 
42.04 
43.76 
45.34 
46.82 
48.26 
49.66 
51.05 
52.44 
53.94 
57.81 
60.58 
62.90 
64.98 
67.72 
70.26 
72.35 
74.18 
75.68 
76.27 
76.63 
76.11 
75.40 
74.21 
72.78 
71.25 
69.64 
67.82 
65.71 
64.18 
62.76 
61.24 
59.59 
57.72 
55.44 
53.29 
52.40 
51.52 
50.65 
49.78 
48.91 
48.04 
47.15 
46.25 
A-
SPL 
(DB(A)) 
11.95 
12.46 
12.99 
13.54 
14.10 
14.68 
15.27 
15.88 
16.52 
20.30 
24.03 
26.49 
28.46 
30.17 
31.72 
33.19 
34.60 
35.97 
37.32 
38.66 
40.13 
44.15 
46.93 
49.18 
51.15 
54.17 
56.83 
58.84 
60.89 
62.37 
62.58 
62.55 
61.29 
59.68 
57.93 
55.84 
53.73 
51.84 
49.73 
47.25 
45.54 
44.01 
42.39 
40.64 
38.70 
36.34 
34.10 
33.18 
32.28 
31.38 
30.49 
29.60 
28.71 
27.81 
26.90 
D- 1 
SPL 
(DB(D)) 
21.40 
21.92 
22.45 
23.00 
23.56 
24.14 
24.74 
25.35 
25.99 
29.75 
33.47 
35.94 
37.91 
39.62 
41.19 
42.66 
44.08 
45.46 
46.82 
48.19 
49.66 
53.55 
56.30 
58.57 
60.58 
63.35 
65.88 
67.89 
69.73 
71.17 
71.56 
71.68 
70.81 
69.70 
68.24 
66.53 
64.76 
63.01 
61.06 
58.80 
57.19 
55.72 
54.15 
52.46 
50.54 
48.23 
46.04 
45.13 
44.24 
43.35 
42.47 
41.59 
40.70 
39.81 
38.90 1 
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Table D.15. Far-Field OASPL Observer 2 (0,0,1.2) 
1 OBSERVER 
TIME 
-14.61 
-14.11 
-13.61 
-13.11 
-12.61 
-12.11 
-11.61 
-11.11 
-10.61 
-10.11 
-9.61 
-9.11 
-8.61 
-8.11 
-7.61 
-7.11 
-6.61 
-6.11 
-5.61 
-5.11 
-4.61 
-4.11 
-3.61 
-3.11 
-2.61 
-2.11 
-1.61 
-1.11 
-0.61 
-0.11 
0.39 
0.89 
1.39 
1.89 
2.39 
2.89 
3.39 
3.89 
4.39 
4.89 
5.39 
5.89 
6.39 
6.89 
7.39 
7.89 
8.39 
8.89 
9.39 
9.89 
10.39 
10.89 
11.39 
11.89 
1 12.39 
OVERALL 
SPL 
(DB) 
22.20 
22.57 
22.93 
23.29 
23.64 
23.99 
24.32 
24.64 
24.94 
27.90 
31.41 
33.46 
34.92 
36.05 
37.00 
37.86 
38.78 
39.93 
41.50 
43.57 
46.01 
51.26 
55.22 
58.58 
61.51 
64.80 
67.71 
69.99 
71.82 
73.26 
73.76 
74.02 
73.39 
72.52 
71.07 
69.27 
67.24 
65.03 
62.58 
59.82 
57.84 
56.13 
54.52 
52.95 
51.27 
49.26 
47.54 
47.02 
46.49 
45.96 
45.39 
44.81 
44.19 
43.54 
42.85 
A-
SPL 
(DB(A)) 
8.66 
9.02 
9.38 
9.73 
10.08 
10.42 
10.75 
11.06 
11.35 
14.33 
17.86 
19.92 
21.41 
22.57 
23.56 
24.48 
25.46 
26.64 
28.18 
30.13 
32.41 
38.13 
41.82 
44.84 
47.51 
50.88 
53.86 
56.13 
58.21 
59.67 
59.81 
59.65 
58.28 
56.56 
54.63 
52.30 
49.83 
47.53 
44.92 
41.70 
39.56 
37.75 
36.00 
34.26 
32.42 
30.22 
28.36 
27.80 
27.24 
26.68 
26.09 
25.48 
24.85 
24.18 
23.48 
D- 1 
SPL 
(DB(D)) 
18.11 
18.47 
18.84 
19.19 
19.54 
19.88 
20.21 
20.52 
20.82 
23.79 
27.30 
29.35 
30.81 
31.95 
32.90 
33.77 
34.70 
35.85 
37.40 
39.42 
41.80 
47.17 
51.02 
54.24 
57.05 
60.31 
63.19 
65.41 
67.26 
68.65 
68.96 
68.96 
67.97 
66.73 
65.04 
63.00 
60.78 
58.51 
55.97 
53.03 
50.98 
49.22 
47.54 
45.90 
44.16 
42.06 
40.29 
39.75 
39.21 
38.65 
38.08 
37.48 
36.85 
36.19 
35.49 1 
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Figure D.14. Far-field OASPL vs Time - Observer 1 
es 
Pu 
O 
L. 
m 
Pk 
< 
© 
r — 80-i 
• 
• f 60 -
• 
• 50-y 
*.•• 40 -
• 30 
• 
* * ^ 20 J 
10 -
1 1 0_ 
AA. 43 Blade, 2400 RPM V 
• . :
 V. 
* * * * . 
1 1 
-15.0 -10.0 -5.0 0.0 
Time (sec) 
5.0 10.0 15.0 
Figure D.15. Far-field OASPL vs Time - Observer 2 
APPENDIX E 
ACOUSTIC DATA FOR THE 3-BLADED 
SWEPT NLF PROPELLER 
Appendix E contains the Near-field data for all 13 observers, the Far-field data for 
the two observers and the corresponding graphs for the 3-bladed swept NLF propeller. 
This data is included for completeness and comparison purposes. 
160 
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Table E.l. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 1 - Directivity Angle 1° 
EASEL = aZZl 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
1 6 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
0.92 
-78.40 1 
-81.85 
-84.35 
-86.29 
-87.87 
-89.21 
-90.37 
-91.39 
-92.30 
-93.12 
-93.88 
-94.57 
-95.20 
-95.80 
-96.35 
-96.87 
-97.36 
-97.82 
-98.26 
LOADING 
NOISE 
(dB) 
-9.89 
-74.01 
-77.62 
-80.16 
-82.11 
-83.70 
-85.04 
-86.21 
-87.23 
-88.14 
-88.97 
-89.72 
-90.41 
-91.05 
-91.64 
-92.19 
-92.71 
-93.20 
-93.66 
-94.10 
OVERALL 
NOISE 
(dB) 
3.04 
-69.91 
-73.46 
-75.98 
-77.93 
-79.52 
-80.86 
-82.02 
-83.04 
-83.95 
-84.78 
-85.53 
-86.22 
-86.86 
-87.45 
-88.01 
-88.53 
-89.01 
-89.48 
-89.91 
RMS 
AMPLITUDE 
(PASCALS) 
2.84E-05 
6.39E-09 
4.25E-09 
3.18E-09 
2.54E-09 
2.11E-09 
1.81E-09 
1.59E-09 
1.41E-09 
1.27E-09 
1.15E-09 
1.06E-09 
9.77E-10 
9.08E-10 
8.48E-10 
7.96E-10 
7.49E-10 
7.08E-10 
6.72E-10 
6.39E-10 
PHASE 
(DEG) 
-161.80 
94.90 
90.63 
89.06 
87.92 
86.95 
86.06 
85.22 
84.42 
83.63 
82.86 
82.10 
81.35 
80.61 
79.87 
79.13 
78.40 
77.67 
76.95 j 
76.22 | 
20 
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Figure E.l. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 1 @ Polar Directivity Angle 1° 
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Table E.2. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 2 - Directivity Angle 15° 
l(MSPIi = 73,2 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
71.12 
31.13 
-10.19 
-39.14 
-45.63 
-49.19 
-52.06 
-54.47 
-56.57 
-58.40 
-60.04 
-61.52 
-62.86 
-64.08 
-65.20 
-66.23 
-67.19 
-68.07 
-68.90 
-69.66 
LOADING 
NOISE 
(dB) 
60.38 
13.48 
-27.82 
-52.24 
-56.73 
-59.22 
-61.08 
-62.56 
-63.80 
-64.87 
-65.81 
-66.64 
-67.40 
-68.09 
-68.73 
-69.33 
-69.88 
-70.40 
-70.89 
-71.35 
OVERALL 
NOISE 
(dB) 
73.20 
32.08 
-9.46 
-37.55 
-43.76 
-47.24 
-50.03 
-52.35 
-54.34 
-56.07 
-57.60 
-58.96 
-60.18 
-61.28 
-62.29 
-63.21 
-64.06 
-64.84 
-65.57 
-66.25 
RMS 
AMPLITUDE 
(PASCALS) 
9.14E-02 
8.04E-04 
6.73E-06 
2.65E-07 
1.30E-07 
8.69E-08 
6.30E-08 
4.82E-08 
3.84E-08 
3.14E-08 
2.64E-08 
2.25E-08 
1.96E-08 
1.73E-08 
1.54E-08 
1.38E-08 
1.25E-08 
1.15E-08 
1.05E-08 
9.74E-09 
PHASE 
(DEG) 
-166.44 
-179.47 
177.63 
176.50 
171.83 
167.76 
164.07 
160.66 
157.48 
154.50 
151.69 
149.05 
146.56 
144.21 
142.00 
139.91 
137.95 
136.10 
134.37 
132.74 
Figure E.2. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 2 @ Polar Directivity Angle 15° 
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Table E.3. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 3 - Directivity Angle 30° 
lOASPL = 9U I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
88.08 
65.16 
40.36 
14.97 
-10.20 
-28.66 
-32.84 
-35.34 
-37.49 
-39.37 
-41.03 
-42.52 
-43.86 
-45.08 
-46.19 
-47.21 
-48.16 
-49.02 
-49.83 
-50.57 
LOADING 
NOISE 
(dB) 
78.06 
44.38 
19.20 
-5.16 
-32.25 
-46.23 
-46.46 
-48.64 
-50.64 
-52.39 
-53.94 
-55.32 
-56.55 
-57.67 
-58.69 
-59.62 
-60.48 
-61.27 
-62.01 
-62.69 
OVERALL 
NOISE 
(dB) 
90.03 
65.91 
40.82 
15.30 
-10.02 
-27.64 
-31.20 
-33.65 
-35.80 
-37.68 
-39.34 
-40.84 
-42.20 
-43.43 
-44.56 
-45.60 
-46.56 
-47.45 
-48.27 
-49.04 
RMS 
AMPLITUDE 
(PASCALS) 
6.34E-01 
3.95E-02 
2.20E-03 
1.16E-04 
6.31E-06 
8.30E-07 
5.51E-07 
4.15E-07 
3.25E-07 
2.61E-07 
2.16E-07 
1.82E-07 
1.55E-07 
1.35E-07 
1.18E-07 
1.05E-07 
9.40E-08 
8.48E-08 
7.72E-08 
7.07E-08 
PHASE 
(DEG) 
-179.66 
148.46 
127.36 
110.36 
104.14 
149.78 
170.30 
172.11 
172.34 
172.35 
172.28 
172.15 
172.00 
171.82 
171.64 
171.45 
171.26 
171.08 
170.91 
170.74 
Figure E.3. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 3 @ Polar Directivity Angle 30° 
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Table E.4. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 4 - Directivity Angle 45° 
IOASPI, = 98.7 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
96.75 
82.75 
66.80 
50.17 
33.23 
16.11 
-1.09 
-17.36 
-28.57 
-34.60 
-37.73 
-39.60 , 
-41.09 
-42.40 
-43.57 
-44.62 
-45.57 
-46.42 
-47.19 
-47.90 
LOADING 
NOISE 
(dB) 
89.08 
61.72 
31.13 
23.25 
10.32 
-4.16 
-18.69 
-32.21 
-39.24 
-40.78 
-42.17 
-43.60 
-44.93 
-46.16 
-47.29 
-48.33 
-49.28 
-50.17 
-51.00 
-51.76 
OVERALL 
NOISE 
(dB) 
98.55 
83.17 
66.93 
50.17 
33.14 
15.97 
-1.14 
-16.47 
-26.39 
-31.52 
-33.94 
-35.52 
-36.87 
-38.11 
-39.23 
-40.26 
-41.21 
-42.08 
-42.89 
-43.63 
RMS 
AMPLITUDE 
(PASCALS) 
1.69E+00 
2.88E-01 
4.44E-02 
6.45E-03 
9.08E-04 
1.26E-04 
1.75E-05 
3.00E-06 
9.58E-07 
5.31E-07 
4.02E-07 
3.35E-07 
2.87E-07 
2.49E-07 
2.18E-07 
1.94E-07 
1.74E-07 
1.57E-07 
1.43E-07 
1.32E-07 
PHASE 
(DEG) 
161.04 
99.70 
50.51 
5.26 
-38.07 
-80.52 
-124.65 
-174.08 
151.43 
148.21 
153.39 
157.04 
159.57 
161.64 
163.42 
165.00 
166.41 
167.68 
168.84 
169.89 
Figure E.4. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 4 @ Polar Directivity Angle 45° 
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Table E.5. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 5 - Directivity Angle 60° 
IOASPI , = 103.7 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
15 
16 
j 1 7 
18 
19 
I 20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
101.48 
92.65 
81.81 
70.27 
58.39 
46.38 
34.36 
22.38 
10.37 
-1.83 
-13.08 
-20.96 
-27.75 
-32.75 
-33.90 
-34.53 
-35.42 
-36.34 
-37.18 
-37.96 
LOADING 
NOISE 
(dB) 
97.42 
79.15 
61.70 
46.25 
34.53 
24.29 
14.03 
3.66 
-7.13 
-19.86 
-33.75 
-32.42 
-34.23 
-36.55 
-37.97 
-38.93 
-39.84 
-40.71 
-41.53 
-42.29 
OVERALL 
NOISE 
(dB) 
103.31 
92.65 
81.46 
69.78 
57.82 
45.74 
33.65 
21.61 
9.60 
-2.41 
-13.87 
-23.64 
-32.83 
-41.45 
-42.44 
-42.53 
-43.40 
-44.39 
-45.28 
-46.08 
RMS 
AMPLITUDE 
(PASCALS) 
2.93E+00 
8.58E-01 
2.37E-01 
1 6.16E-02 
1.56E-02 
3.87E-03 
9.63E-04 
2.41E-04 
6.04E-05 
1.52E-05 
4.05E-06 
1.32E-06 
4.56E-07 
1.69E-07 
1.51E-07 
1.50E-07 
1.35E-07 
1.21E-07 
1.09E-07 
9.93E-08 
PHASE 
(DEG) 
139.21 
40.75 
-43.81 
-123.47 
159.22 
83.34 
8.55 
-65.19 
-137.96 
148.95 
73.48 
3.87 
-39.30 
-32.53 
-9.40 
-9.07 
-11.12 
-11.96 1 
-12.32 
-12.66 
Figure E.5. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 5 @ Polar Directivity Angle 60° 
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Table E.6. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 6 - Directivity Angle 75° 
IOASPI, = 106.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
103.57 
97.49 
89.40 
80.57 
71.40 
62.07 
52.68 
43.31 
34.01 
24.78 
15.68 
6.70 
-2.41 
-11.27 
-19.12 
-28.99 
-43.01 
-38.89 
-41.98 
-44.87 
LOADING 
NOISE 
(dB) 
103.30 
89.91 
77.55 
66.08 
55.48 
45.59 
36.23 
27.21 
18.38 
9.62 
1.05 
-7.32 
-16.51 
-25.51 
-30.49 
-38.70 
-47.91 
-43.28 
-44.32 
-45.71 
OVERALL 
NOISE 
(dB) 
105.93 
97.11 
88.43 
79.41 
70.13 
60.72 
51.27 
41.84 
32.48 
23.21 
14.05 
5.00 
-4.01 
-12.98 
-21.56 
-30.41 
-41.13 
-46.92 
-50.80 
-58.48 
RMS 
AMPLITUDE 
(PASCALS) 
3.96E+00 
1.43E+00 
5.28E-01 
1.87E-01 
6.42E-02 
2.17E-02 
7.32E-03 
2.47E-03 
8.42E-04 
2.89E-04 
1.01E-04 
3.56E-05 
1.26E-05 
4.49E-06 
1.67E-06 
6.03E-07 
1.76E-07 
9.01E-08 
5.77E-08 
2.38E-08 
PHASE 
(DEG) 
118.03 
-20.44 
-144.36 
97.98 
-16.60 
-129.35 
119.15 
8.64 
-101.00 
150.16 
42.03 
-65.24 
-171.67 
81.57 
-24.32 
-124.61 
127.71 
1.33 
-67.55 
-76.26 
Figure E.6. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 6 @ Polar Directivity Angle 75° 
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Table E.7. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 7 - Directivity Angle 90° 
lOASPI, = 107.S I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
103.52 
98.35 
91.16 
83.25 
75.00 
66.58 
58.09 
49.60 
41.16 
32.78 
24.48 
16.26 
8.12 
0.06 
-8.01 
-15.93 
-23.93 
-32.17 
-39.09 
-49.47 
LOADING 
NOISE 
(dB) 
106.73 
95.22 
84.46 
74.30 
64.64 
55.37 
46.42 
37.74 
29.28 
20.98 
12.85 
4.78 
-3.17 
-10.99 
-19.26 
-26.24 
-35.09 
-42.99 
-45.07 
-57.09 
OVERALL 
NOISE 
(dB) 
107.21 
97.93 
89.59 
81.27 
72.82 
64.28 
55.70 
47.14 
38.63 
30.19 
21.84 
13.60 
5.41 
-2.70 
-10.69 
-18.98 
-26.39 
-35.08 
-43.37 
-46.48 
90.51 
88.87 
83.94 
77.75 
70.62 
62.96 
55.06 
46.98 
38.44 
30.67 
22.52 
14.42 
6.36 
-1.66 
-9.59 
-17.82 
-25.18 
-33.85 
-42.11 
-45.21 
RMS 
AMPLITUDE 
(PASCALS) 
4.59E+00 
1.58E+00 
6.03E-01 
2.31E-01 
8.75E-02 
3.27E-02 
1.22E-02 
4.55E-03 
1.71E-03 
6.47E-04 
2.47E-04 
9.57E-05 
3.73E-05 
1.47E-05 
5.84E-06 
2.25E-06 
9.58E-07 
3.53E-07 
1.36E-07 
9.48E-08 
PHASE 
(DEG) 
98.33 
-76.60 
120.18 
-35.74 
172.38 
22.93 
-124.92 
88.42 
-57.29 
157.86 
13.76 
-129.61 
87.82 
-54.60 
164.56 
23.01 
-118.86 
109.81 
-53.80 
-164.23 
Figure E.7. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 7 @ Polar Directivity Angle 90° 
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Table E.8. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 8 - Directivity Angle 105° 
lOASPI, = 107.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
101.55 
95.56 
87.61 
78.97 
70.00 
60.88 
51.69 
42.50 
33.34 
24.23 
15.20 
6.22 
-2.67 
-11.55 
-20.28 
-29.23 
-37.61 
-47.01 
-54.26 
-62.33 
LOADING 
NOISE 
(dB) 
107.77 
95.93 
84.70 
73.96 
63.61 
53.57 
43.80 
34.23 
24.87 
15.64 
6.60 
-2.45 
-11.09 
-20.44 
-27.95 
-39.56 
-42.19 
-51.63 
-49.43 
-51.23 
OVERALL 
NOISE 
(dB) 
107.18 
95.85 
85.74 
76.17 
66.75 
57.38 
48.03 
38.72 
29.47 
20.31 
11.20 
2.24 
-6.81 
-15.41 
-24.91 
-32.12 
-44.97 
-45.50 
-54.49 
-51.70 
90.48 
86.79 
80.09 
72.65 
64.55 
56.06 
47.39 
38.56 
29.28 
20.79 
11.88 
3.06 
-5.86 
-14.37 
-23.81 
-30.96 
-43.76 
-44.27 
-53.23 
-50.43 
RMS 
AMPLITUDE 
(PASCALS) 
4.57E+00 
1.24E+00 
3.87E-01 
1.29E-01 
4.35E-02 
1.48E-02 
5.04E-03 
1.73E-03 
5.95E-04 
2.07E-04 
7.26E-05 
2.59E-05 
9.13E-06 
3.39E-06 
1.14E-06 
4.95E-07 
1.13E-07 
1.06E-07 
3.77E-08 
5.20E-08 
PHASE 
(DEG) 
79.35 
-124.18 
38.49 
-152.54 
21.01 
-162.35 
16.39 
-163.35 
18.09 
-159.50 
23.79 
-152.20 
32.69 
-142.33 
45.12 
-132.47 
72.52 
-132.45 
-173.64 
-143.27 
Frequency (harmonic number) 
Figure E.8. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 8 @ Polar Directivity Angle 105° 
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Table E.9. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 9 - Directivity Angle 120° 
IfMSPI, = 1ftS.5 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
97.63 
88.95 
78.40 
67.20 
55.70 
44.07 
32.38 
20.71 
9.05 
-2.55 
-14.00 
-26.08 
-35.06 
-63.36 
-47.82 
-52.11 
-52.00 
-53.04 
-53.77 
-54.48 
LOADING 
NOISE 
(dB) 
106.32 
92.08 
78.37 
65.13 
52.26 
39.69 
27.35 
15.23 
3.25 
-8.55 
-20.04 
-32.80 
-39.65 
-56.28 
-49.06 
-51.50 
-51.80 
-52.54 
-53.12 
-53.67 
OVERALL 
NOISE 
(dB) 
105.32 
90.62 
76.88 
63.90 
51.41 
39.19 
27.16 
15.25 
3.46 
-8.26 
-19.77 
-31.44 
-42.67 
-54.23 
-62.82 
-67.99 
-65.31 
-65.27 
-64.65 
-64.45 
RMS 
AMPLITUDE 
(PASCALS) 
3.69E+00 
6.79E-01 
1.40E-01 
3.14E-02 
7.44E-03 
1.82E-03 
4.56E-04 
1.16E-04 
2.98E-05 
7.73E-06 
2.05E-06 
5.36E-07 
1.47E-07 
3.88E-08 
1.45E-08 
7.98E-09 
1.09E-08 
1.09E-08 
1.17E-08 
1.20E-08 
PHASE 
(DEG) 
61.42 
-163.65 
-26.26 
114.50 
-101.16 
46.27 
-163.90 
-12.13 
140.98 
-64.43 
90.89 
-112.57 
43.77 
-150.16 
-27.87 
-97.22 
-79.76 
-85.67 
-87.15 
-88.86 
Figure E.9. Frequency Distribution of Near-field Unweighted SPL for the Reference 
Propeller, Observer 9 @ Polar Directivity Angle 120° 
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Table E.IO. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 10 - Directivity Angle 135° 
EASEL = mil I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
91.37 
77.60 
62.03 
45.87 
29.44 
12.88 
-3.50 
-21.04 
-34.70 
-41.89 
-45.37 
-46.22 
-47.58 
-48.74 
-49.80 
-50.77 
-51.67 
-52.49 
-53.26 
-53.97 
LOADING 
NOISE 
(dB) 
101.99 
82.80 
64.15 
45.97 
28.15 
10.70 
-6.76 
-23.48 
-36.80 
-46.58 
-46.16 
-48.22 
-49.64 
-50.97 
-52.17 
-53.26 
-54.26 
-55.18 
-56.03 
-56.80 
OVERALL 
NOISE 
(dB) 
100.86 
80.83 
61.44 
42.70 
24.49 
6.74 
-9.94 
-32.49 
-34.57 
-37.90 
-39.87 
-41.22 
-42.57 
-43.78 
-44.89 
-45.91 
-46.85 
-47.72 
-48.52 
-49.27 
RMS 
AMPLITUDE 
(PASCALS) 
2.21E+00 
2.20E-01 
2.36E-02 
2.73E-03 
3.35E-04 
4.35E-05 
6.37E-06 
4.75E-07 
3.74E-07 
2.55E-07 
2.03E-07 
1.74E-07 
1.49E-07 
1.29E-07 
1.14E-07 
1.01E-07 
9.09E-08 
8.22E-08 
7.50E-08 
6.88E-08 
PHASE 
(DEG) 
45.95 
164.39 
-75.51 
45.92 
168.78 
-65.32 
58.21 
174.19 
6.78 
24.45 
18.03 
16.27 
14.56 
12.98 
11.60 
10.36 
9.24 
8.23 
7.30 
6.45 
Figure E.10. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 10 @ Polar Directivity Angle 135° 
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Table E.ll. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 11 - Directivity Angle 150° 
IOASPI , = 92.4 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
81.56 1 
58.93 
34.57 
9.67 
-15.24 
-47.35 
-48.49 
-51.41 
-53.65 
-55.53 
-57.18 
-58.64 
-59.94 
-61.11 
-62.17 
-63.13 
-64.01 
-64.81 
-65.54 
-66.21 
LOADING 
NOISE 
(dB) 
93.55 
65.58 
38.16 
11.39 
-16.92 
-31.33 
-34.79 
-37.36 
-39.42 
-41.24 
-42.86 
-44.30 
-45.60 
-46.78 
-47.86 
-48.85 
-49.75 
-50.59 
-51.36 
-52.07 
OVERALL 
NOISE 
(dB) 
92.41 
63.46 
35.00 
7.27 
-19.31 
-32.12 
-33.58 
-35.99 
-38.04 
-39.83 
-41.42 
-42.85 
-44.13 
-45.30 
-46.37 
-47.34 
-48.23 
-49.06 
-49.82 
-50.52 
RMS 
AMPLITUDE 
(PASCALS) 
8.34E-01 
2.98E-02 
1.12E-03 
4.62E-05 
2.16E-06 
4.96E-07 
4.19E-07 
3.17E-07 
2.51E-07 
2.04E-07 
1.70E-07 
1.44E-07 
1.24E-07 
1.09E-07 
9.61E-08 
8.59E-08 
7.75E-08 
7.05E-08 
6.46E-08 
5.96E-08 
PHASE 
(DEG) 
34.22 
140.67 
-110.77 
-0.48 
85.59 
19.77 
19.96 
18.95 
17.91 
17.19 
16.67 
16.30 
16.03 
15.84 
15.70 
15.59 
15.51 
15.45 
15.39 
15.33 
Figure E.ll. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 11 @ Polar Directivity Angle 150° 
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Table E.12. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 12 - Directivity Angle 165° 
lOASPI. = 75.6 I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
63.91 
24.23 
-17.38 
-51.78 
-61.68 
-66.63 
-70.72 
-74.23 
-77.30 
-80.02 
-82.46 
-84.67 
-86.70 
-88.55 
-90.26 
-91.85 
-93.33 
-94.71 
-96.00 
-97.21 
LOADING 
NOISE 
(dB) 
76.71 
31.73 
-13.40 
-36.01 
-41.14 
-44.38 
-46.96 
-49.08 
-50.86 
-52.38 
-53.71 
-54.87 
-55.90 
-56.82 
-57.65 
-58.40 
-59.09 
-59.72 
-60.30 
-60.83 
OVERALL 
NOISE 
(dB) 
75.58 
29.59 
-17.49 
-36.89 
-41.42 
-44.63 
-47.17 
-49.26 
-51.01 
-52.52 
-53.82 
-54.97 
-55.98 
-56.89 
-57.71 
-58.46 
-59.14 
-59.76 
-60.33 
-60.86 
RMS 
AMPLITUDE 
(PASCALS) 
1.20E-01 
6.04E-04 
2.67E-06 
2.86E-07 
1.70E-07 
1.17E-07 
8.76E-08 
6.89E-08 
5.63E-08 
4.73E-08 
4.07E-08 
3.57E-08 
3.18E-08 
2.86E-08 
2.60E-08 
2.39E-08 
2.21E-08 
2.06E-08 
1.93E-08 
1.81E-08 
PHASE 
(DEG) 
26.97 
125.96 
-128.34 
24.87 
28.99 
30.61 
32.41 
34.19 
35.88 
37.43 
38.82 
40.05 
41.12 
42.04 
42.82 
43.46 
43.99 
44.40 
44.72 
44.94 
Figure E.12. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 12 @ Polar Directivity Angle 165° 
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Table E.13. Near-field Thickness, Loading and Overall Noise Components as a 
function of Harmonic Number. Observer 13 - Directivity Angle 179° 
IfMSPL = M I 
NUMBER 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
HARMONIC 
FREQUENCY 
(Hz) 
120 
240 
360 
480 
600 
720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2040 
2160 
2280 
2400 
THICKNESS 
NOISE 
(dB) 
-6.53 
-86.91 
-91.45 
-94.22 
-96.27 
-97.92 
-99.29 
-100.47 
-101.50 
-102.42 
-103.25 
-104.01 
-104.71 ! 
-105.35 
-105.94 
-106.50 
-107.02 
-107.51 
-107.97 
-108.41 
LOADING 
NOISE 
(dB) 
6.55 
-63.34 
-67.17 
-69.75 
-71.72 
-73.32 
-74.67 
-75.83 
-76.86 
-77.77 
-78.60 
-79.35 
-80.04 
-80.68 
-81.27 
-81.83 
-82.35 
-82.84 
-83.30 
-83.74 
OVERALL 
NOISE 
(dB) 
5.42 
-63.92 
-67.72 
-70.28 
-72.25 
-73.85 
-75.19 
-76.36 
-77.38 
-78.29 
-79.12 
-79.87 
-80.56 
-81.20 
-81.80 
-82.35 
-82.87 
-83.36 
-83.82 
-84.26 
RMS 
AMPLITUDE 
(PASCALS) 
3.73E-05 
1.27E-08 
8.23E-09 
6.12E-09 
4.88E-09 
4.06E-09 
3.48E-09 
3.04E-09 
2.70E-09 
2.43E-09 
2.21E-09 
2.03E-09 
1.87E-09 
1.74E-09 
1.63E-09 
1.53E-09 
1.44E-09 
1.36E-09 
1.29E-09 
1.22E-09 
PHASE 
(DEG) 
24.56 
85.56 
86.36 
86.14 
85.68 
85.12 
84.51 
83.87 
83.22 
82.56 
81.88 
81.20 
80.52 
79.83 
79.14 
78.45 
77.76 
77.06 
76.36 
75.67 
Figure E.13. Frequency Distribution of Near-field Unweighted SPL for the 
Reference Propeller, Observer 13 @ Polar Directivity Angle 179° 
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Table E.14. Far-Field OASPL Observer 1 (0,0,0) 
OBSERVER 
TIME 
-14.60 
-14.10 
-13.60 
-13.10 
-12.60 
-12.10 
-11.60 
-11.10 
-10.60 
-10.10 
-9.60 
-9.10 
-8.60 
-8.10 
-7.60 
-7.10 
-6.60 
-6.10 
-5.60 
-5.10 
-4.60 
-4.10 
-3.60 
-3.10 
-2.60 
-2.10 
-1.60 
-1.10 
-0.60 
-0.10 
0.40 
0.90 
1.40 
1.90 
2.40 
2.90 
3.40 
3.90 
4.40 
4.90 
5.40 
5.90 
6.40 
6.90 
7.40 
7.90 
8.40 
8.90 
9.40 
9.90 
10.40 
10.90 
11.40 
11.90 
12.40 
OVERALL 
SPL 
(DB) 
23.62 
24.14 
24.67 
25.22 
25.79 
26.37 
26.97 
27.59 
28.24 
31.99 
35.72 
38.19 
40.17 
41.89 
43.46 
44.95 
46.38 
47.79 
49.17 
50.56 
52.07 
55.95 
58.74 
61.06 
63.14 
65.95 
68.55 
70.67 
72.75 
74.42 
75.39 
76.11 
75.93 
75.60 
74.56 
73.32 
71.94 
70.36 
68.59 
66.56 
65.05 
63.63 
62.12 
60.48 
58.62 
56.36 
54.24 
53.35 
52.47 
51.60 
50.73 
49.86 
48.99 
48.10 
47.20 
A-
SPL 
(DB(A)) 
10.08 
10.59 
11.12 
11.67 
12.23 
12.81 
13.40 
14.02 
14.65 
18.42 
22.15 
24.61 
26.58 
28.29 
29.84 
31.31 
32.72 
34.09 
35.44 
36.78 
38.24 
42.27 
45.04 
47.29 
49.26 
52.30 
54.98 
56.99 
59.24 
60.82 
61.40 
61.73 
60.86 
59.79 
58.21 
56.37 
54.47 
52.61 
50.54 
48.14 
46.45 
44.92 
43.30 
41.56 
39.62 
37.27 
35.05 
34.13 
33.23 
32.34 
31.45 
30.56 
29.67 
28.77 
27.85 
D-
SPL 
(DB(D)) 
19.53 
20.05 
20.58 
21.13 
21.69 
22.27 
22.87 
23.48 
24.12 
27.88 
31.60 
34.06 
36.03 
37.75 
39.31 
40.78 
42.20 
43.58 
44.95 
46.31 
47.79 
51.69 
54.44 
56.71 
58.72 
61.55 
64.12 
66.16 
68.23 
69.80 
70.57 
71.05 
70.53 
69.87 
68.57 
67.07 
65.47 
63.75 
61.84 
59.66 
58.07 
56.60 
55.04 
53.35 
51.45 
49.15 
46.99 
46.08 
45.19 
44.30 
43.42 
42.54 
41.65 
40.76 
39.85 
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Table E.15. Far-Field OASPL Observer 2 (0,0,1.2) 
1 OBSERVER 
TIME 
-14.61 
-14.11 
-13.61 
-13.11 
-12.61 
-12.11 
-11.61 
-11.11 
-10.61 
-10.11 
-9.61 
-9.11 
-8.61 
-8.11 
-7.61 
-7.11 
-6.61 
-6.11 
-5.61 
-5.11 
-4.61 
-4.11 
-3.61 
-3.11 
-2.61 
-2.11 
-1.61 
-1.11 
-0.61 
-0.11 
0.39 
0.89 
1.39 
1.89 
2.39 
2.89 
3.39 
3.89 
4.39 
4.89 
5.39 
5.89 
6.39 
6.89 
7.39 
7.89 
8.39 
8.89 
9.39 
9.89 
10.39 
10.89 
11.39 
11.89 
1 12.39 
1 OVERALL 
SPL 
(DB) 
20.33 
20.70 
21.06 
21.42 
21.77 
22.12 
22.45 
22.77 
23.07 
26.03 
29.54 
31.59 
33.04 
34.18 
35.12 
35.98 
36.89 
38.04 
39.62 
41.69 
44.13 
49.39 
53.37 
56.73 
59.67 
63.03 
66.01 
68.31 
70.40 
72.00 
72.89 
73.50 
73.22 
72.73 
71.43 
69.81 
67.93 
65.75 
63.35 
60.68 
58.72 
57.02 
55.41 
53.84 
52.18 
50.18 
48.49 
47.97 
47.44 
46.90 
46.34 
45.76 
45.14 
44.49 
43.80 
1 A" 
SPL 
(DB(A)) 
6.79 
7.15 
7.51 
7.86 
8.21 
8.55 
8.88 
9.19 
9.48 
12.46 
15.98 
18.04 
19.52 
20.68 
21.66 
22.57 
23.53 
24.70 
26.24 
28.20 
30.50 
36.17 
39.90 
42.95 
45.63 
49.05 
52.06 
54.33 
56.60 
58.15 
58.67 
58.87 
57.88 
56.68 
54.92 
52.83 
50.59 
48.33 
45.78 
42.66 
40.55 
38.75 
37.00 
35.24 
33.39 
31.18 
29.32 
28.75 
28.20 
27.63 
27.04 
26.44 
25.80 
25.13 
24.43 
D-
SPL 
(DB(D)) 
16.24 
16.60 
16.97 
17.32 
17.67 
18.01 
18.34 
18.65 
18.95 
21.92 
25.42 
27.47 
28.93 
30.07 
31.01 
31.88 
32.80 
33.95 
35.50 
37.52 
39.90 
45.27 
49.14 
52.38 
55.20 
58.53 
61.46 
63.70 
65.78 
67.30 
67.99 
68.35 
67.73 
66.91 
65.37 
63.54 
61.49 
59.26 
56.78 
53.93 
51.90 
50.15 
48.47 
46.83 
45.08 
43.00 
41.25 
40.70 
40.16 
39.60 
39.03 
38.43 
37.80 
37.14 
36.44 1 
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Figure E.14. Far-field OASPL vs Time - Observer 1 
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Figure E.15. Far-field OASPL vs Time - Observer 2 
